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Extended'Summary'
Background.'!Assessment!of!left!ventricular!(LV)!function!is!a!fundamental!part!of!clinical!cardiology,!holding!important!diagnostic,!prognostic!and!management!implications.!The!most!important!advance!in!LV!quantification!over!the!last!decade!was!the!development!of!techniques!aimed!to!quantify!tissue!motion!and!deformation!from!ultrasound!images,!such!as!tissue!Doppler!imaging!(DTI)!and!twoAdimensional!speckleAtracking!echocardiography!(2DSTE).!More!recently,!speckleAtracking!algorithms!have!been!applied!to!threeAdimensional!(3D)!volumetric!acquisitions!of!the!LV!(i.e.!referred!to!as!3D!speckleAtracking!echocardiography,!3DSTE),!making!possible!to!analyze!all!LV!myocardial!strain!components!from!the!same!dataset.!At!present,!3DSTE!technology!is!a!research!tool!in!its!infancy!of!development,!and!its!potential!clinical!value!still!remains!to!be!demonstrated.!With!respect!to!prior!technologies!(DTI!and!2DSTE),!3DSTE!comes!with!several!advantages,!but!also!with!new!challenges.!It!is!currently!unknown!if!the!theoretical!benefits!of!an!additional!third!dimension!to!study!the!complex!LV!mechanics!(no!more!“outAofAplane”!motion!of!speckles,!only!a!single!acquisition!needed!etc)!are!not!actually!outweighted!by!the!new!technical!challenges!derived!from!using!a!volumetric!acquisition!of!the!LV!(i.e.!lower!spatial!and!temporal!resolution!of!speckles!than!with!2DSTE).!!
A!major!concern!of!2DSTE!strain!is!the!large!intervendor!variability!of!strain!measurements!provided!by!various!commerciallyAavailable!software!packages.!At!present,!it!is!unclear!if!a!similar!problem!may!affect!also!3DSTE,!and!to!what!extent.!Furthermore,!despite!researchers!are!increasingly!employing!3DSTE!to!study!various!pathologic!conditions,!the!reference!values!and!normal!pattern!of!LV!myocardial!strain!in!healthy!adults!by!3DSTE,!as!well!as!the!possible!influence!of!various!clinical!and!technical!factors!on!LV!strain!values!are!currently!unknown.!!Finally,!the!validation!process!of!3DSTE!is!difficult!due!to!the!lack!of!adequate!threeA
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dimensional!gold!standard!that!can!be!applied!noninvasively!in!human!subjects!to!validate!regional!LV!function!in!3D.!Therefore,!there!is!a!great!need!for!rigorous!validation!work,!methodological!and!intervendor!standardization!to!be!undertaken!before!its!application!in!clinical!settings.!!
! Methods'and'Results.'Project!design:'singleAcentre,!prospective,!observational!clinical!study,!aiming!to!explore!the!clinical!feasibility!and!usefulness!of!LV!3D!strain!analysis!using!stateAofAtheAart!commercially!available!3DE!equipment.!The!project!involves!a!series!of!4!clinical!studies.'
The!aim!of!the!Study'#1!was!to!assess!the!intervendor!consistency!and!variability!of!LV!3D!strain!values!between!the!two!3DSTE!equipments!commercially!available:!VividE9!(GE,!Vingmed,!Horten,!Norway)!and!Artida!(Toshiba!Medical!Systems!Corporation,!Tokyo,!Japan)!ultrasound!systems.!Sixty!patients!(38!±!12!years,!64%!males)!with!a!wide!range!of!LV!endAdiastolic!volumes!and!ejection!fractions!were!enrolled.!Global!longitudinal!(3DLɛ),!radial!(3DRɛ),!circumferential!(3DCɛ)!and!area!(3DAɛ)!strain!values!were!obtained!offline!using!the!corresponding!proprietary!software!package.!Overall,!the!intervendor!agreement!of!3DRɛ,!3DCɛ!and!3DAɛ!measured!with!Artida!and!VividE9!was!poor.!3DLɛ!showed!the!closest!values!between!the!two!platforms!(bias!=!1.5%,!limits!of!agreement!(LOA)!from!−2.9!to!−5.9%,!P!<!0.05).!Artida!provided!significantly!higher!values!of!both!3DCɛ!and!3DAɛ!than!VividE9!(bias!=!6.6%!for!3DCɛ,!6.0%!for!3DAɛ!and!A24%!for!3DRɛ!respectively,!P!<!0.001).!All!3D!strain!components!showed!good!reproducibility!(intraclass!correlation!coefficients:!0.82–0.98),!except!for!3DRɛ!by!Artida,!which!showed!only!a!moderate!reproducibility.!Therefore,!reference!values!should!be!identified!for!each!system,!and!baseline!and!followAup!data!in!longitudinal!studies!should!be!obtained!using!the!same!3DSTE!equipment.'The!aim!of!the!Study'#2!was!to!assess!the!normative!values!for!LV!3D!strain!in!218! healthy! volunteers! (age! range! 18A76,! 57%! women)! by! vendorAspecific! 3DSTE! equipment!(Vivid! E9,! 4D! AutoLVQ! software,).! For! comparison! LV! strain! was! also! measured! by! vendorA
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specific!2DSTE! software!and!by!a! vendorAindependent!3DSTE! software.'Feasibility!of! global!3D!strain! analysis! by! 4D! AutoLVQ!was! 89%,! lower! than! 2DLε! (95%)! and! similar! to! 2DCε! (92%).!Feasibility!of!segmental!3DSTE!analysis!ranged!from!46%!to!100%.!Reference!values!of!3D!strain!parameters! were! identified! according! to! gender! and! age! group.! 3DLε! decreased,! while! 3DCε!increased! with! ageing! (p<0.001).! Men! had! lower! 3DLε,! 3DRε,! 3DAε! and! 2DLε! than! women!(p<0.02).! At! stepwise! multivariable! linear! regression! analysis,! demographic! (age! and! gender),!cardiac! (LV! size! and! mass)! and! technical! (image! quality! and! temporal! resolution)! factors!accounted!for!the!variance!of!LV!3D!strain!measurements.!Since!major!interAsoftware!differences!in! LV! strain! measurements! were! identified! (p<0.001! for! all),! limits! of! normality! for! LV! strain!analysis! by! vendorAspecific! 3DSTE! software! should! not! be! used! interchangeably!with! those! by!2DSTE!or!vendorAindependent!3DSTE!softwares.!'
The!aim!of!the!Study'#3!was!to!assess!if!LV!deformation!by!3D!STE!in!patients!after!STAelevation!myocardial!infarction!(STEMI)!could!provide!an!accurate!and!objective!assessment!of!infarct!size!and!transmurality,!in!comparison!with!magnetic!resonance!with!late!gadolinium!enhancement!(LGEACMR).!A!total!of!77!STEMI!patients!were!enrolled!by!2D!and!3D!echo,!and!in!46!patients!LGEACMR!studies!were!performed!!within!24!hours.!The!relative!amount!of!DE!tissue!per!segment!was!used!to!define!transmural!necrosis!(51A100%!DE).!LV!function!was!assessed!from!three!apical!LV!2D!views!by!measuring!2DLε,!and!from!3D!LV!fullAvolume!datasets,!assessing!visual!wall!motion!score!(WMS)!and!measuring!3DLε,!3DCε,!3DAε!and!3DRε.!Strain!parameters!were!correlated!with!conventional!indices!of!LV!systolic!function!(LVEF)!and!infarct!size!(troponin!I,!WMSI,!infarct!size!index!at!LGEACMR).!Despite!a!good!accuracy!for!2DLε!and!3D!strain!parameters!(AUC=0.81A0.73),!visual!wall!motion!assessment!by!experienced!reader!on!goodAquality!3D!data!sets!(AUC=0.87)!was!found!to!be!superior!than!strain!quantification!to!predict!transmural!necrosis!at!LGEACMR.!
The!aims!of!the!Study'#4'to!describe!the!LV!myocardial!mechanics!in!patients!with!hypertrophic!cardiomyopathy!(HCM)!using!2DSTE!and!3DSTE,!and!to!compare!it!with!the!normal!
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deformation!pattern!in!healthy!subjects.!In!32!HCM!pts!and!32!ageA!and!genderAmatched!controls,!we!analyzed!peak!global!2DLε!and!3DLε,!3DCε,!3DRε,!3DAε.!LV!ejection!fraction!(LVEF),!LV!mass!and!outflow!tract!area!(LVOTA)!were!measured!by!3D!echo.!Symptomatic!status!was!defined!by!NYHA!class!(IIAIV).!Although!LVEF!was!similar!in!pts!and!controls!(64±6%!vs!62±4%,!p=0.29),!LV!systolic!strain!was!significantly!impaired!in!pts!(p<0.0001),!except!for!3DCε,!which!was!only!marginally!lower.!In!HCM!patients,!all!strain!parameters!were!correlated!with!LV!endAsystolic!volume!(r=0.55!to!0.67),!LVEF!(r=A0.82!to!A0.88)!and!mass!(r=0.33!to!0.56).!Symptomatic!patients!had!more!impaired!3DAε,!3DRε!and!3DCε,!but!also!had!more!LVOT!obstruction!and!concentric!remodelling,!and!higher!E/e'.!At!ROC!curve!analysis,!3DAε,!3DRε!and!3DCε!had!a!good!accuracy!to!identify!symptomatic!pts!(AUCs!0.72A0.73).!3D!LV!mass!had!an!inverse!correlation!with!LV!longitudinal!deformation:!r=A0.74!for!2DLε!and!A0.70!for!3DLε!(p<0.001!for!both).!In!HCM!with!preserved!LVEF,!the!longitudinal!strain!was!significantly!reduced,!however!symptom!development!is!multifactorial!and!related!to!the!additional!impairment!of!LV!deformation!in!circumferentialAradial!direction.!
Conclusions.'This!project!addressed!several!issues!of!of!pivotal!importance!for!3DSTE.!It!provided!a!comprehensive!analysis!of!3DSTE!measurement!variability!(intraA!and!interAobserver,!at!testAretest,!interAvendor!and!interAsoftware),!and!reported!on!the!feasibility!of!3DSTE!in!clinical!setting!and!on!the!comparison!with!LV!strain!by!2DSTE.!In!addition,!it!is!the!first!to!report!normal!ranges!of!3D!strain!parameters!by!3DSTE!using!both!vendorAspecific!and!vendorAindependent!software!packages.!Finally,!this!project!presents!the!added!value!of!3DSTE!in!comparison!with!previous!methods!for!assessing!LV!function!in!2!common!pathologic!conditions!(acute!STEMI,!as!the!prototype!of!regional!necrotic!transmural!injury;!and!HCM,!as!the!prototype!of!myocardial!disease!with!impaired!longitudinal!systolic!mechanics!despite!preserved!LVEF).!This!series!of!studies!contributes!with!original!data!to!the!current!scientific!evidenceAbased!knowledge!on!3DSTE,!which!is!essential!for!the!development!and!appropriate!use!of!this!novel!technology.!'
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Riassunto)
Introduzione.)!La!valutazione!della!funzione!ventricolare!sinistra!(VS)!rappresenta!una!parte!fondamentale!della!cardiologia!clinica,!per!le!sue!notevoli!implicazioni!diagnostiche,!prognostiche!e!di!gestione!dei!pazienti.!!
Il!progresso!più!importante!nell’analisi!quantitative!della!funzione!VS!negli!ultimi!dieci!anni!è!stato!lo!sviluppo!di!tecniche!finalizzate!a!quantificare!il!movimento!e!la!deformazione!del!tessuto!miocardico!con!tecniche!ecografiche,!come!il!Doppler!tissutale!(DTI)!e!l’ecocardiografia!speckleDtracking!bidimensionale!(2DSTE).!Più!di!recente,!gli!algoritmi!speckleDtracking!sono!stati!applicati!alle!acquisizioni!tridimensionali!(3D)!del!VS!(cioè!ecocardiografia!3D!speckleDtracking,!3DSTE),!rendendo!possibile!l’analisi!di!tutte!le!componenti!della!deformazione!miocardica!del!VS!su!un!unico!dataset.!Oggi,!la!tecnologia!3DSTE!è!agli!albori!del!suo!sviluppo,!ed!il!suo!potenziale!valore!clinico!resta!ancora!da!dimostrare.!Rispetto!alle!tecnologie!precedenti!(DTI!e!2DSTE),!il!3DSTE!gode!di!diversi!vantaggi,!ma!comporta!anche!nuove!sfide.!Al!momento,!non!è!ancora!noto!se!i!benefici!teorici!di!una!supplementare!terza!dimensione!per!studiare!la!complessa!meccanica!del!VS!(non!più!movimento!"fuoriDpiano"!degli!speckles,!un’unica!acquisizione!necessaria,!ecc)!non!siano!in!realtà!controbilanciate!dalle!nuove!sfide!tecniche!derivanti!dall'utilizzo!di!un!acquisizione!volumetrica!del!VS!(cioè!minor!risoluzione!spaziale!e!temporale!del!3DSTE!rispetto!al!2DSTE).!
Una!delle!principali!preoccupazioni!con!il!2DSTE!è!la!grande!variabilità!delle!misure!di!deformazione!fra!i!vari!software!disponibili!in!commercio.!Allo!stato!attuale,!non!è!chiaro!se!un!problema!simile!possa!influire!anche!3DSTE!e,!se!sì,!in!quale!misura.!Inoltre,!nonostante!i!ricercatori!utilizzino!sempre!più!frequentemente!il!3DSTE!per!studiare!varie!condizioni!patologiche,!sono!attualmente!sconosciuti!i!valori!di!riferimento!per!la!deformazione!miocardica!
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del!VS!mediante!3DSTE,!così!come!la!possibile!influenza!di!vari!fattori!clinici!e!tecnici!sui!valori!di!deformazione!VS!ottenibili!con!3DSTE.!Infine,!il!processo!di!validazione!del!3DSTE!è!difficile!a!causa!della!mancanza!di!un'adeguata!metodica!di!riferimento!tridimensionale!che!possa!essere!applicata!in!maniera!non!invasiva!in!soggetti!umani!per!validare!la!funzione!VS!regionale!in!3D.!Pertanto,!c’è!bisogno!di!un!grande!e!rigoroso!lavoro!di!validazione,!di!standardizzazione!metodologica!e!intervendor!da!iportare!a!termine!prima!della!sua!applicazione!in!ambito!clinico.!
! Metodi)e)Risultati.)Progettazione:!studio!clinico!monoDcentrico,!prospettico,!osservazionale,!con!l'obiettivo!di!esplorare!la!fattibilità!clinica!e!l'utilità!dell’analisi!della!deformazone!miocardica!del!VS!utilizzando!attrezzature!3DE!allo!stato!dell’arte.!Il!progetto!prevede!una!serie!di!4!studi!clinici.!
L'obiettivo!dello!Studio)#)1!è!stato!quello!di!valutare!la!variabilità!e!la!coerenza!dei!valori!di!deformazione!VS!tra!le!due!apparecchiature!3DSTE!disponibili!in!commercio:!Vivid!E9!(GE!Vingmed,!Horten,!Norvegia)!e!Artida!(Toshiba!Medical!Systems!Corporation,!Tokyo,!Giappone).!Per!questo!studio!sono!stati!arruolati!60!pazienti!(38!±!12!anni,!64!%!maschi)!con!una!vasta!gamma!di!volumi!e!frazioni!di!eiezione!del!VS.!!Lo!strain!longitudinale!globale!(3DLɛ),!radiale!(3DRɛ),!circonferenziale!(3DCɛ)!e!l'area!strain!(3DAɛ)!sono!stati!ottenuti!con!il!rispettivo!software!proprietario.!Nel!complesso,!la!concordanza!del!3DRɛ,!3DCɛ!e!3DAɛ!misurati!con!Artida!e!Vivid!E9!era!scadente.!Tra!le!varie!component,!il!3DLɛ!ha!mostrato!i!valori!più!vicini!tra!le!due!piattaforme!(bias!=!1,5!%,!limiti!di!concordanza!da!D2,9!a!D5,9%,!p<0,05).!Artida!ha!fornito!valori!significativamente!più!elevati!di!3DCɛ!e!3DAɛ!rispetto!a!VividE9!(bias!=!6,6%!per!3DCɛ,!6,0%!per!3DAɛ!e!D24%!per!3DRɛ,!rispettivamente,!p!<0,001).!Tutti!i!componenti!di!deformazione!3D!hanno!mostrato!una!buona!riproducibilità!(coefficiente!di!correlazione!intraclasse:!0,82D0,98),!fatta!eccezione!per!3DRɛ!da!Artida,!che!ha!mostrato!solo!una!moderata!riproducibilità.!Pertanto,!i!valori!di!riferimento!devono!essere!identificati!per!ogni!apparechiatura!3DSTE,!e!i!dati!basali!e!di!followDup!in!studi!longitudinali!devono!essere!ottenuti!utilizzando!la!stessa!attrezzatura.!
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L'obiettivo!dello!Studio)#2!è!stato!quello!di!valutare!i!valori!di!riferimento!per!lo!strain!longitudinale!3D!(3DLε)!del!VS!in!218!volontari!sani!(età!18D76!,!il!57%!donne),!misuarti!con!un!softwares!3DSTE!(Vivid!E9!,!software!4D!AutoLVQ)!.!Per!confronto,!Lε!è!stato!misurato!utilizzando!anche!il!software!specifico!per!il!2DSTE,!e!un!software!3DSTE!independente!dall’ecocardiografo!che!acquisisce!i!data!set!3D.!La!fattibilità!dello!strain!3D!con!4D!AutoLVQ!era!89%,!essendo!inferiore!a!quella!del!2DLε!(95%)!e!simile!a!quella!del!2DCε!(92%).!La!fattibilità!di!analisi!3DSTE!segmentale!variava!dal!46%!al!100%.!Valori!di!riferimento!dei!parametri!di!deformazione!3D!sono!stati!identificati!in!base!al!sesso!e!gruppo!di!età.!3DLε!diminuiva,!mentre!3DCε!aumentava!con!l'invecchiamento!(p<0.001).!Gli!uomini!mostravano!3DLε,!3DRε,!3DAε!e!2DLε!minori!rispetto!alle!donne!(p<0,02).!All'analisi!multivariata!di!regressione!lineare,!i!fattori!demografici!(età!e!sesso),!cardiaci!(volumi!e!massa!VS)!e!tecnici!(qualità!dell'immagine!e!la!risoluzione!temporale)!hanno!indipendentemente!contribuito!alla!varianza!dello!strain!3D.!Tenendo!conto!dalle!notevoli!differenze!interDsoftware!nei!valori!di!strain!VS!identificati!(p<0,001!per!tutti),!i!limiti!di!normalità!per!lo!strain!VS!identificati!con!un!software!3DSTE!specifico!non!dovrebbero!essere!usati!in!modo!intercambiabile!con!quelli!di!2DSTE!o!di!un!software!3DSTE!independente!dal!fornitore.!
L'obiettivo!dello!Studio)#3)era!di!valutare!se!la!deformazione!VS!mediante!3DSTE!nei!pazienti!dopo!infarto!miocardico!con!sopraslivellamento!ST!(STEMI)!potrebbe!fornire!una!valutazione!accurata!e!obiettiva!delle!dimensioni!dell'infarto!e!della!transmuralità!della!necrosi,!in!confronto!con!la!risonanza!magnetica!con!gadolinio!(LGE!D!CMR).!Un!totale!di!77!pazienti!con!STEMI!sono!stati!arruolati!con!l’eco!2D!e!3D,!e!in!46!pazienti!sono!stati!eseguiti!studi!LGE!D!CMR!entro!24!ore!dall’esame!ecocardiografico.!La!quantità!relativa!di!DE!per!segmento!è!stata!usata!per!definire!la!necrosi!transmurale!(51D100%!DE).!La!funzione!VS!è!stata!valutata!nelle!3!sezioni!2D!apicali!del!VS,!!misurando!il!2DLε,!e!dal!volume!di!dati!3D,!valutando!il!punteggio!della!cinetica!segmentaria!(WMS)!e!la!misurazione!del!3DLε,!3DCε,!3DAε!e!3DRε.!I!parametri!di!deformazione!del!VS!erano!correlati!con!gli!indici!convenzionali!di!funzione!sistolica!VS!(FEVS)!e!di!estensione!dell’infarto!(troponina!I,!WMSI,!dimensioni!dell'infarto!alla!LGE!D!CMR).!Nonostante!una!buona!
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accuratezza!dello!2DLε!e!dei!parametri!di!deformazione!3D!(AUC!=!0,81D0,73),!la!valutazione!visiva!della!cinetica!regionale!da!parte!di!un!osservatore!esperto!su!immagini!3D!di!buona!qualità!(AUC!=!0.87)!è!risultata!essere!sempre!superiore!rispetto!al!valore!predittivo!dello!strain!per!identificare!la!necrosi!transmurale!alla!LGE!D!CMR.!
Gli!obiettivi!dello!Studio)#4!erano!di!descrivere!la!funzione!miocardica!del!VS!nei!pazienti!con!cardiomiopatia!ipertrofica!(HCM)!mediante!2DSTE!e!3DSTE,!e!di!confrontarla!con!la!deformazione!VS!normale!di!soggetti!sani.!In!32!pazienti!con!HCM!e!32!controlli!simili!per!età!e!per!sesso,!abbiamo!analizzato!il!valore!globale!del!2DLε!e!del!3DLε,!3DCε,!3DRε,!3DAε.!La!frazione!di!eiezione!(FEVS),!la!massa!del!VS!e!l'area!del!tratto!di!efflusso!(LVOTA)!sono!stati!misurati!mediante!eco!3D.!Lo!stato!sintomatico!è!stato!definito!dalla!classe!NYHA!(II!D!IV).!Anche!se!LVEF!era!simile!nei!pazienti!e!nei!controlli!(64!±!6!%!vs!62!±!4!%,!p!=!0,29),!lo!strain!VS!era!significativamente!ridotto!nei!pazienti!(p!<!0,0001),!fatta!eccezione!per!3DCε,!che!era!solo!marginalmente!più!basso.!Nei!pazienti!con!HCM,!tutti!i!parametri!di!deformazione!erano!correlati!con!il!volume!telesistolico!del!VS!(r!=!0,55D0,67),!la!FEVS!(r!=!D0,82!a!D0,88)!e!la!massa!VS!(r!=!0,33D0,56).!I!pazienti!sintomatici!avevano!una!riduzione!maggiore!del!3DAε!,!3DRε!e!3DCε,!ma!avevano!anche!più!ostruzione!dell’efflusso,!un!maggior!rimodellamento!concentrico!ed!un!rapporto!E/e!'!più!alto.!!All’analisi!delle!curve!ROC,!3DAε,!3DRε!e!3DCε!hanno!avuto!una!buona!precisione!per!individuare!i!soggetti!sintomatici!(AUC!0,72D0,73).!La!massa!3D!del!VS!mostrò!una!correlazione!inversa!con!la!deformazione!longitudinale!del!VS:!r!=!D0,74!per!2DLε!e!D0,70!per!3DLε!(p!<!0,001!per!entrambi).!In!HCM!con!FEVS!conservata,!la!deformazione!longitudinale!è!risultata!significativamente!ridotta,!tuttavia!lo!sviluppo!dei!sintomi!è!multifattoriale!e!relativo!al!deterioramento!aggiuntivo!della!deformazione!VS!nella!direzione!circonferenziale!–!radiale.!
Conclusioni.)Questo!progetto!ha!affrontato!diversi!temi!di!importanza!fondamentale!per!la!validazione!clinica!dello!3DSTE.!Ha!fornito!un'analisi!completa!della!variabilità!di!misura!mediante!3DSTE!(intraD!ed!interosservatore,!al!testDretest,!interDmacchina!e!interDsoftware),!ha!valutato!la!fattibilità!del!3DSTE!in!ambiente!clinico!e!confrontato!I!valori!ottenuti!con!lo!strain!VS!
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mediante!2DSTE.!Inoltre,!questo!è!il!primo!studio!a!definire!i!limiti!di!riferimento!per!lo!strain!3D!utilizzando!sia!software!specifici!che!indipendenti!dal!fornitore.!Infine,!questo!progetto!presenta!il!valore!aggiunto!di!3DSTE!rispetto!ai!precedenti!metodi!per!la!valutazione!della!funzione!VS!in!2!condizioni!patologiche!comuni!(STEMI!acuto,!come!prototipo!di!lesione!transmurale!regionale!necrotica,!e!l’HCM,!come!prototipo!di!malattia!miocardica!con!funzione!sistolica!longitudinale!compromessa!nonostante!FEVS!conservata).!Questa!serie!di!studi!contribuisce!con!dei!dati!originali!alle!conoscenze!attuali!basate!sull'evidenza!scientifica!sul!3DSTE,!che!è!essenziale!per!lo!sviluppo!e!l'uso!appropriato!di!questa!nuova!tecnologia.!
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Chapter(1.(Introduction((
(
1.1.(( Importance(of(quantitative(assessment(of(LV(function(
Assessment!of!left!ventricular!(LV)!function!is!an!important!requisite!of!clinical!cardiology.!Indices!reflecting!LV!performance!are!of!paramount!importance!for!the!diagnosis!of!cardiovascular!diseases,!for!risk!stratification!and!prognosis,!as!well!as!for!selecting!and!guiding!therapy!(1).!Assessing!the!most!common!measure!of!LV!systolic!function!A!LV!ejection!fraction!(LVEF)!A!has!direct!implications!for!patient!management.!Suitability!for!device!implantation,!indication!to!cardiac!surgery!or!heart!failure!drugs,!to!discontinue!chemotherapy!in!cancer!pacients!are!just!a!few!among!the!most!critical!decisions!that!rely!on!accurate!LVEF!assessment!in!daily!practice!(2).!
TwoAdimensional!echocardiography!(2DE)!is!the!most!commonly!used!imaging!tecnique!to!analyze!LV!function!in!terms!of!EF.!It!is!nonAinvasive,!harmless!and!cheap,!readily!available!and!repeatable,!and!an!impressive!body!of!evidence!over!the!past!half!century!certifies!its!clinical!value!and!validity.!However,!2DE!calculation!of!LVEF!is!limited!by!several!factors,!mainly!technical!(quality!of!acoustic!window!and!image!acquisition,!experience!of!the!interpreter),!methodological!(geometric!assumptions!applied!to!few!tomographic!slices!of!a!threeAdimensional!structure!such!as!the!LV)!and!conceptual!(confounded!by!variable!loading!conditions!and!heart!rate,!and!therefore!not!actually!reflecting!true!LV!contractility).!
As!a!consequence,!newer!echocardiographic!methods!have!been!proposed!and!developed!with!the!aim!to!improve!the!current!capabilities!to!analyze!the!LV!in!clinical!practice.!3D!echocardiography!(3DE)!has!been!introduced!for!improving!the!quantitative!assessment!of!LVEF,!and!gradually!developed!into!a!clinically!useful!tool,!now!applicable!in!
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realtime!in!every!day!practice!(1).!However,!one!of!the!most!important!advances!in!LV!functional!quantification!has!been!the!development!of!techniques!aimed!to!quantify!tissue!motion!and!deformation!from!ultrasound!images.!Two!such!echocardiographic!techniques!have!dominated!the!research!arena:!DopplerAbased!measurements!of!myocardial!velocity,!frequently!referred!to!as!tissue!Doppler,!and!speckle!trackingAbased!measurements!of!tissue!displacement!and!deformation.!Both!types!of!measurements!lend!themselves!to!the!derivation!of!multiple!parameters!of!myocardial!function!(3).!Deformation!imaging!by!2DSTE!has!emerged!as!a!reliable!quantitative!tool!for!LV!myocardial!function!analysis,!holding!important!diagnostic,!prognostic!and!management!implications!(4,!5).!ThreeAdimensional!speckleAtracking!echocardiography!(3DSTE)!represents!a!further!advance!in!myocardial!deformation!imaging,!allowing!a!fast!and!comprehensive!evaluation!of!all!LV!segments!from!a!single!3D!dataset.!In!principle,!3DSTE!should!be!more!adequate!than!2DSTE!to!capture!the!complex!LV!myocardial!mechanics,!by!overcoming!the!issues!of!2DSTE!related!to!the!“outAofAplane”!motion!of!speckles!and!partial!information!contained!in!few!thin!slices!of!the!LV.!Although!these!new!techniques!are!very!promising!and!attractive,!they!are!prone!to!technical!and!reproducibility!issues,!therefore!extensive!clinical!testing!is!needed!before!adopting!them!for!patient!healthcare.!
1.2. Rationale(and(aims(of(thesis(At!present,!3DSTE!technology!is!a!research!tool!in!its!infancy!of!development,!with!potential!clinical!value!which!still!remains!to!be!demonstrated.!With!respect!to!prior!technologies!aiming!to!analyze!LV!myocardial!function,!3DSTE!comes!with!several!advantages,!but!also!with!new!challenges.!It!is!currently!unknown!if!the!theoretical!benefits!of!an!additional!third!dimension!to!study!LV!mechanics!are!not!actually!outweighted!by!the!new!technical!challenges!derived!from!using!a!volumetric!acquisition!of!the!LV!(i.e.!lower!spatial!and!temporal!resolution!of!speckles!than!with!2DSTE).!!
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Furthermore,!the!validation!process!of!3D!strain!is!difficult!due!to!the!lack!of!adequate!threeAdimensional!gold!standard!that!can!be!applied!noninvasively!in!human!subjects!to!validate!regional!ventricular!function!in!3D!(3).!Despite!positive!results!have!been!obtained!from!phantom!and!sonomicrometry!studies!(6,!7),!these!cannot!be!automatically!extrapolated!in!patients!and!neither!across!different!manufacturers.!Therefore,!its!rigorous!testing!in!a!variety!of!clinical!scenarious!involving!both!normal!and!abnormal!LV!function!becomes!mandatory.!In!particular,!there!is!an!impelling!need!for!clinical!research!studies!in!healthy!subjects!(to!establish!the!reference!for!3D!strain!normalcy!and!the!normal!pattern!of!3D!strain!parameters)!and!in!patients!undergoing!concomitent!evaluation!of!LV!function!using!a!gold!standard!technique!(such!as!cardiac!magnetic!resonance,!CMR)!or!by!other!methods!with!established!clinical!value!(such!as!2D!strain!and!regional!wall!motion!score!analysis!etc).!!Accordingly,!the!overall!aim!of!this!thesis!was!to!explore!the!clinical!feasibility!and!reliability!of!3DSTE!for!advanced!quantitative!analysis!of!LV!myocardial!function!from!3D!datasets.!The!research!project!was!designed!to!address!a!number!of!issues!regarding!3DSTE,!which!clarification!is!of!pivotal!importance!for!the!current!research:!feasibility;!reproducibility!(including!at!testAretest,!and!between!vendors!and!softwares);!normal!ranges!of!3D!strain!parameters;!comparison!with!2D!strain;!added!value!in!comparison!with!previous!methods!for!assessing!LV!function!in!landmark!pathologic!conditions!involving!the!LV!myocardium!(STAelevation!myocardial!infarction,!as!the!prototype!of!transmural!injury;!and!hypertrophic!cardiomyopathy,!as!the!prototype!of!myocardial!disease!with!preserved!EF!despite!impaired!longitudinal!systolic!mechanics)(Figure!1.1).!!
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Using!a!series!of!clinical!studies!in!healthy!subjects!and!in!patients,!this!work!aims!to!contribute!to!the!scientific!evidenceAbased!knowledge!which!is!essential!for!the!development!and!appropriate!use!of!this!novel!technology.!
The!experimental!part!of!the!thesis!(Chapters!5A9)!is!preceeded!by!a!general!first!part!aiming!to!provide!a!comprehensive!review!on!LV!myocardial!mechanics!(Chapter!2),!on!the!strain!concept!and!on!previous!echocardiographic!techniques!implemented!in!clinical!and!research!practice!to!analyze!LV!myocardial!deformation!(Chapter!3),!and!finally!an!overview!of!the!current!3DSTE!technique,!to!which!has!been!assigned!a!full!separate!chapter!(Chapter!4).!
( (
Figure!1.1.!General!plan!of!the!research!project!presented!in!the!thesis.!
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Chapter(2.(Myocardial(Fiber(Architecture(and(Function(
(
2.1.(( Architecture(of(cardiac(myofibers(The!architectural!arrangement!of!the!myocardal!fibers!within!the!ventricular!mass!remains!a!highly!controversial!topic.!Anatomic!evidence!supporting!an!overall!helical!nature!for!the!ventricular!myocardium!exists!for!over!150!years.!While!the!presence!of!helical!patterns!are!throughout!the!LV!walls!is!now!universally!accepted,!surgeons!have!promoted!the!concept!that!myofibers!are!disposed!in!the!form!of!a!unique!‘ventricular!myocardial!band’!(8),!while!anatomists!affirm!that!in!no!way!they!can!constitute!a!unique!myocardial!band!(9).(!!!!!!!!!!!!!!!!
Figure!2.1.!Myocardial!fiber!architecture!(after!Anderson!(9)!and!Sengupta!(15)),!showing!the!multiAlayered!structure!of!LV!myocardium,!with!a!helical!arrangement!of!subendocardial!and!subepicardial!fibers!in!opposite!directions.!
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!Conventionally,!LV!myocardium!is!characterized!by!a!multiAlayered!structure,!with!counterAdirectional!layers!meeting!at!the!apex!(Figure!2.1).!According!to!this!concept,!LV!myofibers!are!arranged!in!a!counterAclockwise!orientation!(as!viewed!from!the!apex)!in!the!subepicardial!layer,!circumferentially!in!the!midwall!layer!and!in!a!clockwise!direction!in!the!subendocardial!layer!(Figure!2.2)(8,!10A12).!!!!!!!!!!!! !!Postmortem!histologic!studies!showed!that!the!geometry!of!myofibers!within!the!LV!wall!changes!gradually!from!endocardium!to!epicardium,!and!albeit!that!there!are!no!fibrous!partitions!separating!the!”layers”,!the!multiAlayer!concept!is!based!on!the!rapidly!changing!angulation!of!myofibers!from!longitudinal!to!circular!orientation!(Figure!2.3)(13).!!Therefore,!the!term!“layers”!is!used!in!order!to!simplify!anatomic!description,!indicating!regions!of!LV!wall!where!fiber!orientation!appears!to!change!little!with!depth,!in!contrast!to!those!where!it!changes!rapidly!(13).!
Figure!2.2.!Myocardial!fiber!architecture!(after!Anderson!(9)!and!Nakatani!(12)).!The!scheme!shows!the!shows!the!angles!of!myocardial!fibers!relative!to!the!equator!of!the!left!ventricle,!which!vary!at!different!depths!within!the!ventricular!wall.!Note!that!the!circular!fibres!of!the!middle!layer!are!parallel!to!the!ventricular!equator.!
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2.2.((Myocardial(mechanics(and(its(link(with(cardiac(myofiber(arrangement!The!complex!orientation!of!the!myocardial!fibers!results!in!intricate!threeAdimensional!motion!during!contraction!and!relaxation.!The!potential!functional!significance!of!the!fibre!orientation!of!the!LV!mass!has!been!described!ever!since!the!time!of!Vesalius!and!Harvey!(1628)(14).!They!have!recognised!that!the!reduction!in!left!ventricular!cavity!volume!during!systole!involves!longitudinal,!as!well!as!circumferential!shortening,!and!that!the!latter!plays!the!dominant!role.!Nowadays,!it!has!been!demonstrated!that!the!helical!fiber!architecture!of!the!LV!helps!maintain!stability!and!minimizes!energy!expenditure!(15).!Mathematical!models!have!shown!that!this!counterdirectional!helical!arrangement!of!LV!myofibers!is!energetically!efficient!and!plays!a!crucial!role!for!the!equal!redistribution!of!stresses!and!strain!in!the!heart!(16).!!
Figure!2.3.!Myocardial!fiber!architecture!(modified!after!Anderson!(9)).!The!image!conveys!the!findings!of!Greenbaum!and!colleagues!(13),!who!obtained!histological!sections!throughout!the!ventricular!mass!as!shown!in!the!upper!panels,!and!then!quantitated!the!angulation!of!the!myofibres!relative!to!the!ventricular!equator.!The!graph!below!shows!the!rapidly!changing!radial!angulation!of!the!fibres!with!increasing!depth!within!the!ventricular!wall,!underlining!the!concept!of!layers!across!the!wall.!
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Myocardial!contraction!is!normally!initiated!by!the!spontaneous!depolarization!of!myocardial!cells!in!the!sinoatrial!node!and!conducted!through!the!atrioAventricular!node,!depolarization!rapidly!spreading!throughout!the!LV!via!the!His!bundle,!the!left!and!right!bundle!branches,!and!the!Purkinje!network.!Electrical!activation!is!nearly!simultaneous!within!the!entire!LV,!with!the!apex!activated!just!a!few!milliseconds!before!the!base!and!the!endocardium!activated!just!a!few!milliseconds!before!the!epicardium.!Repolarization!occurs!in!the!reverse!fashion,!with!the!base!repolarizing!first,!followed!rapidly!by!the!apex!(17,!18).!Similar!to!electrical!activation,!longitudinal!systolic!shortening!begins!in!the!apex!and!rapidly!progresses!to!the!base!(17).!The!rapid!electrical!transmission!throughout!the!ventricle!results!in!synchronous!radial!motion!at!any!crossAsectional!level!of!the!LV!(19).!Myocardial!mechanics!can!be!described!as!the!summation!of!motion!in!three!planes:!1)!longitudinal!shortening!or!lengthening!in!the!longAaxis!plane!extending!from!base!to!apex;!2)!radial!thickening!or!thinning!in!the!shortAaxis!plane;!and!3)!rotation!about!the!long!axis!(as!viewed!from!a!shortAaxis!plane)!(Figure!2.4).!Rotation!of!the!LV!base!is!opposite!to!that!of!the!apex!but!is!significantly!lower!in!its!magnitude.!The!difference!in!rotation!at!the!base!and!apex!creates!a!twisting!motion!of!the!LV,!defined!as!torsion.!Rotational!motion!is!controlled!not!only!by!the!helical!fiber!orientation,!but!also!by!the!relative!strength!of!the!forces!generated!by!the!contracting!epicardium!and!endocardium.!During!isovolumic!contraction,!there!is!a!brief!counterclockwise!rotation!due!to!the!mechanical!activity!of!the!subendocardial!fibers,!which!is!followed!by!clockwise!rotation!(twist)!during!ejection!when!the!subepicardal!myofibers!dominate!the!direction!of!LV!rotation.!As!epicardial!fibers!relax,!twisted!fibers!recoil!rapidly!with!continued!active!contraction!of!the!endocardial!layers.!This!creates!suction!during!the!isovolumic!relaxation!period,!and!enhances!early!diastolic!filling!(20).!Thus,!rotational!motion!is!an!important!link!between!systolic!and!diastolic!function.!!!!
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! ! The!threeAdimensional!motion!created!by!the!contraction!of!the!helically!structured!myocardium!generates!efficient!pumping!action!with!minimal!fiber!shortening.!Shortening!in!longitudinal!and!circumferential!direction!would!result!in!radial!thickening!for!conserving!myocardial!mass.!However,!LV!wall!thickening!is!not!the!resultant!of!simple!shortening!of!individual!myocytes,!but!also!an!effect!of!transmural!shearing,!i.e.!sliding!and!rearrangement!of!myofiber!sheets!along!cleavage!planes!during!the!cardiac!cycle!(Figure!5)(21).!!!!!!!!!!!!!!!!!
It!is!estimated!that,!as!a!result!of!these!complex!mechanics,!the!LV!can!generate!an!
Figure!2.4.!Myocardial!mechanics!and!link!to!fiber!arragement!(after!(4)).!The!left0panel0shows!a!schematic!representation!of!the!myocardial!fiber!orientation!in!the!left!ventricle!that!changes!continuously!from!a!rightAhanded!helix!(R)!in!the!subendocardial!region!to!a!leftAhanded!helix!(L)!in!the!subepicardial!region.!The!panels0in0the0center0and0to0the0left0show!the!normal!strain!(ex,!ey,!and!ez),!and!3!components!of!shear!strain!(exy,!exz,!and!eyz)!in!a!block!of!myocardial!tissue!in!which!the!x4axis0is!oriented!at!a!tangent!to!the!circumferential!direction!of!the!left!ventricle,!the!y4
axis0is!oriented!longitudinally,!and!the!z4axis0corresponds!to!the!radial!direction,!with!u,0v,0and!w0representing!displacements!in!the!x,0y,0and!z0directions,!respectively.!The!shear!strain!is!the!amount!of!deformation!perpendicular!to!a!given!line!rather!than!parallel!to!it.!For!example,!the!shear!strain!exy!represents!the!average!of!the!shear!strain!on!the!x0face!along!the!y0direction!and!on!the!y0face!along!the!x0direction.!!
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ejection!fraction!(EF)!of!50%!or!more,!with!a!fiber!shortening!of!only!15%!(8,!10).!Maintaining!this!highly!efficient!mechanism!of!LV!contraction!is!critical!to!ensure!proper!cardiac!function.!
2.3.(( LV(myocardial(function(and(contractility(Left!ventricular!myocardial!function!can!be!analyzed!invasively!and!graphically!displayed!with!a!pressure–volume!diagram,!including!both!systolic!and!diastolic!phases!of!a!single!cardiac!cycle!(Figure!2.5).!!The!width!of!the!pressure–volume!loop!is!the!stroke!volume!(stroke!volume!=!endAdiastolic!volume!–!endA!systolic!volume).!The!area!inside!the!pressure–volume!loop!is!an!estimate!of!the!myocardial!energy!(work!=!pressure!×!volume)!utilized!for!each!stroke!volume.!PressureAvolume!assessment!of!LV!myocardial!function!is!influenced!by!multiple!factors,!such!as!preload,!afterload,!heart!rate,!and!contractility.!!!!!!!!!
Figure!2.5.!Ventricular!pressureAvolume!loops.!A:!The!left!panel!shows!the!time!course!of!changes!in!left!ventricular!pressure!and!volume!during!a!single!cardiac!cycle.!As!indicated!in!red,!a:!ventricular!filling;!b:!isovolumetric!contraction;!c:!ventricular!ejection;!d:!isovolumetric!relaxation.!EDV:!left!ventricular!endAdiastolic!volume,!ESV:!left!ventricular!endAsystolic!volume.!B:!The!right!panel!shows!corresponding!changes!in!ventricular!pressure!vs!ventricular!volume!(from!the!left!panel)!at!different!times!during!a!single!cardiac!cycle.!Stroke!volume!(SV)!is!equal!to!EDVAESV.!C:!Effect!of!acute!changes!in!hemodynamic!parameters!on!SV.!!Adapted!after!http://tmedweb.tulane.edu/tmedwiki/doku.php/the_cardiac_cycle!!!
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! Contractility!is!the!ability!of!the!myocardium!to!pump!blood!without!any!changes!in!preload!or!afterload.!Thus,!a!sudden!increase!in!contractility!will!result!in!ejecting!more!volume!out!of!the!ventricle,!i.e.!increased!stroke!volume.!Myocardial!contractility!is!represented!by!the!slope!of!the!endAsystolic!pressure–volume!relationship.!Contractility!is!proportional!to!change!in!pressure!over!time!(dP/dt).!Myocardial!contractility!is!influenced!by!the!concentration!of!intracellular!calcium,!autonomic!nervous!system!and/or!pharmacological!agents.!!In!research!practice,!LV!myocardial!function!can!be!quantified!in!a!number!of!ways.!Invasive!methods!such!as!placing!sonomicrometer!crystals!in!the!LV!myocardium!enable!the!accurate!tracking!of!LV!motion!during!the!cardiac!cycle.!However,!sonomicrometry!is!an!invasive!method!reserved!only!for!research!purposes!and!limited!by!the!fact!that!the!actual!procedure!of!implanting!crystals!may!alter!subsequent!cardiac!motion.!Cardiac!magnetic!resonance!imaging!(CMR)!and!tagged!CMR!are!common!nonAinvasive!alternatives!to!measure!cardiac!structure!and!myocardial!function.!CMR!has!excellent!spatial!resolution!and!allows!tissue!characterization,!however!its!tomographic!nature!and!the!low!temporal!resolution!limit!its!ability!to!study!the!LV!threeAdimensional!mechanics!in!the!beating!heart.!In!addition,!the!relatively!costly!and!time!consuming!nature!of!tagged!CMR!represent!significant!bareers!for!its!clinical!and!research!use.!Finally,!the!electromagnetic!field!used!with!this!imaging!modality!can!interfere!with!the!pacemakers!or!other!metallic!devices,!generating!heat!and!potentially!damaging!the!myocardium!or!surrounding!tissues.!!Echocardiography!is!a!relatively!inexpensive!and!commonly!used!imaging!technique!that!can!be!safely!used!in!patients!with!cardiac!devices.!Strain!measurements!were!reported!to!closely!track!classic!physiological!parameters!of!myocardial!contractility!in!experimental!and!clinical!settings!under!varying!conditions!(22A24).!Therefore,!deformation!imaging!
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emerged!as!a!promising!and!exciting!echocardiographic!method!which!finally!enabled!the!clinicians!to!obtain!insights!on!both!regional!and!global!LV!contractility!in!a!nonAinvasive!and!costAeffective!manner.!The!following!paragraphs!will!focus!on!the!assessment!of!LV!myocardial!function!in!terms!of!deformation!(strain)!and!the!currently!available!echocardiographic!techniques!used!to!measure!strain.!
!
!
(
( (
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Chapter(3.(Echocardiographic(Assessment(of(LV(Myocardial(
Deformation(
(
3.1.!Importance(and(rationale(Echocardiographic!imaging!is!ideally!suited!for!the!evaluation!of!cardiac!mechanics!because!of!its!intrinsically!dynamic!nature!and!excellent!temporal!resolution!(3).!Traditionally,!cardiac!motion!and!deformation!analysis!has!been!limited!to!a!visual!inspection!of!the!ultrasound!image!sequence,!in!which!each!LV!myocardial!segment!is!assigned!with!a!wall!motion!score.!However,!this!methodology!depends!considerably!on!the!expertise!of!the!interpreter!(25)!and!is!limited!by!a!relatively!low!interobserver!agreement!(26).!In!addition,!the!subjective!interpretation!of!LV!regional!wall!motion!is!predominately!based!on!the!assessment!of!radial!thickening,!while!the!longitudinal!shortening!is!neglected!by!eyeAballing,!despite!it!was!demonstrated!to!be!one!of!the!most!sensitive!and!early!signs!of!ischemia!(27).!
! As!discussed!earlier,!the!evaluation!of!global!LV!systolic!function!is!based!mainly!on!LVEF!calculation!using!Simpson’s!biplane!method.!Although!LVEF!still!is!the!standard!of!current!echocardiographic!practice,!many!sources!of!error!have!been!demonstrated!as!a!consequence!of!poor!endocardial!definition,!apical!foreshortening,!reliance!on!operator’s!experience!and!particularly!due!to!unsatisfactory!reproducibility!among!observers!and!at!testAretest.!The!variability!of!LVEF!by!2DE!Simpson’s!biplane!method!has!been!found!as!high!as!26%!for!interAobserver!variability!(28),!and!the!minimum!detectable!true!change!in!LVEF!at!sequential!testing!was!reported!as!high!as!11%!(29).!!In!clinical!practice,!cardiologists!know!they!have!to!live!with!a!measurement!variability!error!in!LVEF!by!2DE!of!up!to!10%,!and!so!they!consider!cutAoff!values!for!absolute!measurements!or!relative!changes!in!LVEF!by!
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2DE!with!a!significant!amount!of!tollerance!(30).!This!is!quite!unsatisfactory!for!the!current!expectations!from!echo!labs!in!terms!of!an!early!detection!and!follow!up!of!the!cardiac!diseases!course!and!treatment!effects,!not!to!mention!for!current!research!needs!in!cardiovascular!imaging.!
For!these!reasons,!myocardial!strain!and!strain!rate!imaging!were!introduced!in!cardiac!ultrasound.!!
3.2.!!!!Definition(of!strain(and(strainIrate((Strain!and!strain!rate!are!measures!of!changes!in!shape,!i.e.!deformations.!The!use!of!these!measures!to!describe!the!myocardial!mechanics!has!been!introduced!since!1973!by!Mirsky!and!Parmley!(31).!!Strain!(ε)0is!a!mechanical!characteristic!that!describes!the!deformation!of!an!object!normalized!to!its!original!shape!and!size!(i.e.!how!much!the!object!deforms).!Strain!Rate!(εR)!describes!the!rate!of!deformation!(i.e.!how!fast!the!deformation!occurs).!There!are!two!common!ways!to!measure!oneAdimensional!deformations!(shortening!or!lengthening)!of!an!object:!Lagrangian!strain!and!natural!strain.!!For!an!object!of!initial!length!L00that!is!being!shortened!or!stretched!to!a!new!length!L,0the!Lagrangian!(or!conventional)!strain! is!defined!as:!ε$=[L'L0]/L0.$Strain! is!a!dimensionless!parameter!reported!as!percent!(%).!For!chardiac!mechanics,! the!L0!is! the!myocardial! length!measured! at! endAdiastole! and! L! at! is! the! myocardial! length! measured! at! endAsystole.! The!Lagrangian!Strain!Rate!(εR)!is!the!temporal!derivative!of!Lagrangian!Strain:!εR(t)$=$dL(t)/dt.0Conversely,!natural!strain!employs!a!reference!length!L0!that!changes!as!the!object!deforms,!describing! the! instantaneous! length! change! of! an! object! that! is! independent! of! a! time!reference.0These!concepts!apply!to!the!evaluation!of!oneAdimensional!(i.e.!longitudinal,!circumferential!and!radial)!strain!by!echocardiography!(Figure!2.5).!Negative!strain!indicates!
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fibre!shortening!or!myocardial!thinning,!whereas!a!positive!value!describes!lengthening!or!thickening!(depending!on!the!direction!of!strain!measurement).!Natural! strain! calculation! is! the! reasonable! approach! to! use! with! Doppler! Tissue!Imaging! (DTI),! since! the! reference! length! L0!must! be! defined! at! each! frame! of! colour! DTI,!while! speckle! tracking! methods! will! naturally! lend! themselves! to! the! calculation! of!Lagrangian! strain,! since! the! baseline! length! L0! is! always! known! and! can! easily! be! used! as!reference.!While! the!difference!between!Lagrangian!and!natural!ε0values! is!negligible!when!the!extent!of!deformation!is!small!(around!5A10%),!however,!for!large!extents!of!myocardial!deformations! during! ventricular! ejection! and! rapid! filling,! the! difference! between! the! two!methods!could!become!clinically!significant.!If! the!deforming!object! is! twoAdimensional,! then! its!deformation!cannot!be!described!anymore! by! shortening! and! lengthening! only,! since! it! may! occur! parallel,! as! well! as!perpendicular!to!a!given!border!of!the!object!(Figure!2.4).!This!type!of!deformation!is!called!“shear! strain”.! Consequently,! the! deformation! of! a! twoAdimensional! object! is! defined! by! 2!linear!strains!(xx,!yy)!and!2!shear!strains!(xy,!yx).!Applying!the!concepts!of!linear!and!shear!strain! to! a! threeAdimensional! deforming! object,! nine! different! strain! components! can! be!distinguished,!namely!3!linear!strains!(xx,!yy,!zz)!and!six!shear!strains!(xy,!xz,!yx,!yz,!zx,!and!zy).!! !
3.3.(((Quantitative(parameters(
In! order! to! characterize! the! myocardial! deformation! in! cardiovascular! imaging,! the!following!strain!parameters!are!commonly!measured:!longitudinal,!circumferential!and!radial!linear! strains,! corresponding! to! the! three! coordinates! x,! y,! and! z! (Figure! 2.4).! Imaging!methods!such!as!echocardiography!also!allow!the!assessment!of!longitudinalAcircumferential!
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shear!strain!(i.e.!torsion,!the!wringing!LV!motion),!but!this!is!beyond!the!scope!of!the!present!thesis.!!
Strain! values! are! computed! and! displayed! throughout! the! cardiac! cycle,! as! strain!versus!time!curves.!Relevant!strain!values!along!strainAvsAtime!curves!are:!
• EndAsystolic!strain:!the!strain!value!at!aortic!valve!closure!(preferred);!
• Peak!systolic!strain:!the!peak!strain!value!during!systole;!
• Positive! peak! systolic! strain:! a! local!myocardial! stretching,! sometimes! occuring! in! a!minor!extent!in!early!systole,!or!as!a!deformation!abnormality!in!regional!dysfunction;!
• Peak!strain:!the!peak!strain!value!during!the!entire!heart!cycle:!the!peak!strain!may!coAincide!with!the!systolic!or!endAsystolic!peak;!if!it!appears!after!aortic!valve!closure,!it!is!defined!as!“postAsystolic!strain”.!
Both! the! segmental! and! the! global! values! of! strain! and! strain! rate! are! of! interest! in!cardiology.!The!segmental!strain!(or!strain!rate)!is!defined!as!the!corresponding!average!value!of!strain!in!that!particular!segment.!The!global!strain!or!strain!rate!is!defined!and!calculated!in!different!ways,!depending!on!vendor.!For!instance,!some!speckleAtracking!software!packages!compute! global! strain! by! using! the! entire! myocardial! line! length! while! computing! the!deformation;! other! by! averaging! the! values! computed! in! a! number! of! points! within! the!myocardial!line!or!by!averaging!the!values!computed!at!segmental!level.!If!global!parameters!are!calculated!by!segmental!averaging,!the!badly!tracked!segments!need!to!be!identified!and!excluded!by!using!a!reproducible!automatic!way!to!differentiate!good!and!bad!tracking!results!(see!Chapter!6).!
Also!the!method!for!calculating!the! linear!strain!parameters!may!vary!across!various!commercially!available!software!packages.!For!instance,!longitudinal!strain!can!be!calculated!
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as!subendocardial!strain,!midwall!strain!or!averaged!over!the!entire!cardiac!wall,!or!provide!multiAlayer! strain! (subendocardial,! midwall! and! subepicardial! strain! values! displayed!together).! Since! recent! evidence! showed! that! the! various! solutions! provided! by! different!vendors!can!induce!themselves!a!significant!variability!of!strain!measurements,!it!is!pivotal!to!know! and! understand! the! technical! characteristics! of! each! software! package! and! the!significance!of! the!numerical! results!provided! for!each!strain!parameter.!Next! chapters!will!provide! a! detailed! overview! on! the! principles! and! the! methodology! used! by! the! software!algorithms!employed!in!the!present!research.!!
3.4.(Timing(of(mechanical(events(Since!cardiac!function!is!a!cyclic!process,!the!selection!of!the!beginning!of!the!cardiac!cycle! is! arbitrary.! By! convention,! endAdiastole! is! used! as! the! point! at! which! the! reference!length! (L0)! can! be! measured! in! order! to! report! deformation! (strain).! EndAdiastole! is!commonly!defined!by!the!timing!of!mitral!valve!closure.!Other!events!which!are!timeArelated!to!mitral!valve!closure!may!be!used!as!surrogate,!such!as!the!beginning!of!the!QRSAcomplex!in!the!ECG,!ECG!RApeak,!the!largest!diameter!or!volume!of!the!LV,!the!aortic!valve!opening!click!etc.,!however!all!surrogate!time!markers!may!be!subAoptimal!under!certain!circumstances.!As!a! compromise! between! feasibility! and! accuracy,! analysis! software! used! in! deformation!imaging!generally!use!the!peak!of!the!QRS!complex!to!define!endAdiastole,!but!also!offer!the!user! the! option! to! overrule! this! definition! and! set! endAdiastole! manually! if! deemed!inappropriate.!!EndAsystole! coincides!with! aortic! valve! closure!which! is! typically! visualized! by! twoAdimensional!echocardiography!from!the!apical!longAchamber!view!or!by!detecting!the!closure!click!on!the!pulsed!wave!Doppler!tracing!of!aortic!valve!flow.!Potential!surrogate!parameters!are!the!nadir!of!the!volume!curve!or!the!end!of!the!TAwave.!Again,!generally!the!user!is!offered!the!option!to!overrule!this!definition!and!set!endAsystole!manually!if!deemed!inappropriate.!
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3.5.(( LV(deformation(analysis(by(echocardiography(One!of!the!main!clinical!benefits!of!deformation!imaging!is!the!capability!to!provide!an!objective,!more!reproducible!and!less!loadAdependend!measure!of!global!LV!systolic!function!in!comparison!with!traditional!LVEF,!in!terms!of!global!LV!longitudinal!strain.!Global!LV!longitudinal!strain!by!2DSTE!has!been!shown!to!correlate!better!with!LVEF!by!CMR!than!with!LVEF!by!2D!Simpson’s!echocardiographic!method!(32),!and!has!been!demonstrated!to!provide!incremental!!prognostic!information!over!conventional!echo!parameters!(33,!34).!Another!clinical!advantage!is!the!capability!to!objectively!assess!and!quantify!LV!regional!dysfunction,!while!minimising!the!influence!of!tethering!effects!from!normal!neighbouring!segment!which!may!confound!tissue!velocity!measurement.(Various!parameters!reflecting!LV!motion!and!deformation!are!calculated!by!echocardiographic!methods:!longitudinal!strain!(from!apical!views!–!also!the!most!used!parameter),!radial!strain!(from!shortAaxis!and!apical!views,!the!latter!called!also!transversal!strain),!and!circumferential!strain!(from!shortAaxis!views).!More!complex!deformations,(such!as!rotation,!twist,!and!torsion!(longitudinalAcircumferential!shear)!can!be!estimated!as!well!by!echocardiography.!In!Table!3.1,!main!terms!and!definitions!used!for!describing!various!features!related!to!strain!imaging!by!echocardiography!have!been!summarized.(
( To!date,!three!different!echocardiographic!methods!have!been!successively!applied!for!estimating!LV!myocardial!strain:!Doppler!tissue!imaging!(i.e.!oneAdimensional,!DTI)!!and!nonADoppler!twoAdimensional!speckleAtracking!(2DSTE)!and!threeAdimensional!speckleAtracking!(3DSTE),!which!will!be!presented!with!their!pros!and!cons!in!the!following!paragraphs.!!
(
3.5.1.!!OneIdimensional(strain(by!Doppler(tissue(imaging((Doppler!tissue!imaging!(DTI)!A!also!called!tissue!velocity!imaging!(TVI)!or!Doppler!
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myocardial!imaging!(DMI)!A!is!a!technique!where!the!velocity!of!the!myocardium!toward!or!away!from!the!transducer!is!measured!and!displayed.!To!distinguish!between!signals!generated!by!moving!tissue!and!blood!flow,!a!“wall!filter”!is!used,!which!can!be!a!highApass!filter!used!to!image!blood!velocities!(high),!or!A!in!case!of!DTI!A!a!lowApass!filter!used!to!display!the!myocardial!velocities!(low).!Tissue!velocities!during!the!cardiac!cycle!can!be!displayed!as!a!pulsedAwave!(PW)!Doppler!spectrogram!(showing!the!velocity!corresponding!to!a!single!sample!region!of!the!myocardium)!or!as!a!color!overlay!on!the!grayAscale!echocardiographic!image!(showing!velocities!corresponding!to!each!pixel!of!the!image).!!
(
(
(
(
Term! Definition!Velocity! Vectorial!quantitative!parameter,!characterized!by!a!direction!and!an!amplitude!(speed!or!rate)!Displacement! Distance!of!motion!(active!or!passive)!and!represents!the!time!integral!of!velocity!!Strain! Myocardial!deformation!(active!shorteningAlengthening)!StrainArate! Myocardial!deformation!velocity!Longitudinal!strain!! Deformation!from!LV!base!to!apex,!in!a!direction!parallel!to!the!LV!longAaxis!!Circumferential!strain!! Deformation!along!the!LV!perimeter!observed!in!shortAaxis!view,!in!a!direction!perpendicular!to!the!LV!longAaxis!Radial!strain! Deformation!towards!the!center!of!LV!cavity,!in!a!direction!perpendicular!to!the!LV!longAaxis!Twist! Net!difference!between!the!opposite!rotation!angles!of!LV!apex!and!LV!base!in!the!systolic!phase!Torsion! Twist!normalized!to!baseAtoAapex!distance!Untwist! Net!difference!between!the!opposite!rotation!angles!of!LV!apex!and!LV!base!in!the!diastolic!phase!Bull’s!eye! Parametric!colorAcoded!display!of!segmental!strain!values!for!all!17!LV!segments!!ROI! Region!of!interest!placed!across!myocardium!for!strain!measurement!(userAdefined!and!editable)!Baseline!drift! Measurement!error!due!to!inaccurate!tracking!or!heart!translation,!resulting!in!strain!curves!not!returning!to!zero!at!endAdiastole!! !!
Table!3.1.!Terminology!used!in!deformation!imaging.!!
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When!the!velocity!of!the!tissue!is!known,!several!other!parameters!can!be!derived.!The!simplest!is!the!displacement,0which!can!be!calculated!as!the!integral!of!velocity!over!time.!The!
spatial0velocity0gradient!can!be!also!derived!from!DTI!recordings.!Assuming!that!the!spatial!velocity!distribution!is!linear,!linear!strain!rate!is!equivalent!to!the!spatial!velocity!gradient:!
εR=dv/dx,!where!dv!is!the!velocity!gradient!and!dx!is!the!instantaneous!length!of!the!object.!!When!strain!rate!has!been!calculated!for!each!time!point!during!the!deformation,!strain!can!be!computed!as!the!temporal!integral!of!the!strain!rate.!!
The!DTI!strain!imaging!has!been!validated!in!vivo!versus!sonomicrometry!(35)!and!tagged!CMR!(36).!However,!DTI!strain!imaging!is!affected!by!artifacts!related!to!random!noise!and!reverberations,!which!may!alter!the!quality!of!velocity!measurements.!As!with!any!DopplerAbased!method,!accuracy!of!strain!measurements!depends!on!a!correct!parallel!alignment!with!tissue!motion,!therefore!angle!misalignment!between!the!ultrasound!beams!and!the!examined!structure!may!cause!additional!errors.!This!angleAdependency!increases!the!variability!of!the!measurement!among!observers!and!at!serial!examinations.!Furthermore,!DTI!strain!is!oneAdimensional,!meaning!that!in!a!given!echo!view!LV!strain!can!be!computed!only!in!the!direction!parallel!with!the!ultrasound!beam!(i.e.!longitudinal!in!4Achamber!view)!and!in!a!limited!number!of!LV!segments!where!the!optimal!alignment!is!feasible.!This!technique!requires!high!frame!rates,!which!may!be!difficult!to!obtain!in!enlarged!ventricles.!Finally,!extracting!meaningful!strain!data!requires!manual!adjustment!of!the!region!of!interest,!which!is!a!tedious!and!timeAconsuming!task,!and!requires!a!certain!level!of!training!and!expertise.!
3.5.2.(TwoIdimensional(strain(by(speckleItracking(echocardiography(NonADopplerAbased,!2D!strain!estimation!methods!have!been!introduced!to!overcome!the!limitations!of!DTI!strain.!For!2D!strain!analysis!using!echocardiography,!a!“blockAmatching”!technique!is!used!on!BAmode!images,!commonly!called!as!“speckleAtracking”!(37).!
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The!fundamental!principle!of!2D!speckle!tracking!(2DSTE)!is!based!on!the!ultrasound!image!of!myocardial!tissue!as!a!pattern!of!gray!scale!values,!commonly!referred!to!as!a!speckle0
pattern.0The!exact!spatial!distribution!of!the!gray!values!within!the!echo!image!A!the!speckle!pattern!A!can!be!attributed!to!constructive!and!destructive!interference!of!reflections!from!the!individual!scatterers!(reflections!occuring!at!transitions!between!different!types!of!tissue!density)!within!the!myocardium!(38).!This!pattern!is!an!acoustic!characteristic!of!the!underlying!myocardial!tissue!and!is!assumed!to!be!unique!for!each!myocardial!segment,!therefore,!serving!as!a!“fingerprint”!of!that!particular!myocardial!segment!within!the!ultrasound!image!(39).!!
!
!
!
Figure!3.1.!Principle!of!2D!speckleAtracking!algorithm!(courtesy!of!GE!Healthcare).!
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!
The!position!of!the!acoustic!fingerprint!will!change!according!to!the!position!of!the!myocardial!segment!within!the!ultrasound!image!during!the!cardiac!cycle.!Tracking!of!the!speckle!pattern!during!the!cardiac!cycle!(“blockAmatching”)!within!the!ultrasound!image!thus!allows!to!follow!the!motion!and!the!deformation!of!the!myocardium!(Figure!3.1).!By!applying!several!measures!of!similarity,!the!inAplane!velocity!vector!is!obtained,!and!repeating!the!procedure!for!all!pixels!in!the!image!and!between!all!image!pairs!within!the!image!sequence,!a!dynamic!velocity!vector!field!is!obtained.!Since!velocity!vector!estimates!are!generally!noisy,!they!may!require!correction!before!further!processing,!a!process!called!regularization.!The!assumption!that!the!speckle!patterns!are!preserved!between!image!frames!is!fundamental!to!this!methodology.!Myocardial!rotation,!deformation!(i.e.,!strain),!and!outAofA!plane!motion!will!change!the!relative!positions/!amplitudes!of!the!scattering!sites!with!respect!to!the!transducer!and!will!cause!a!change!in!speckle!patterns!between!subsequent!image!frames.!The!only!way!to!reduce!speckle!decorrelation!between!subsequent!frames!is!by!acquiring!image!frames!quickly!after!one!another!(at!high!frame!rates)!to!limit!the!amount!of!rotation,!strain,!and!outAofAplane!motion!between!subsequent!frames.!In!addition,!being!an!imageAbased!analysis!of!strain,!it!seems!logical!that!one!should!avoid!as!much!as!possible!image!artifacts!and!reverberations,!in!order!to!preserve!the!speckle!patterns!and!ensure!the!quality!of!strain!estimation.!2DSTE!has!been!validated!versus!sonomicrometry!(40,!41)!and!tagged!CMR!(40,!42).!SpeckleAderived! strain! is! superior! to! DTI! strain,! particularly! with! regard! to! noise,! angle!dependency! and! reproducibiliy.! These! reasons,! as! well! as! its! userAfriendly! and! more!automatic! workflow,! have! promoted! 2DSTE! as! the! current! standard! method! used! for!assessing!LV!deformation!in!clinical!practice.!
Clinical$applcations$of$2DSTE.!A!growing!body!of!evidence!suggests!that!assessment!
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of!LV!deformation!by!2DSTE!provides!incremental!information!in!clinical!settings!(4).!Myocardial!deformation!imaging!by!2DSTE!offers!the!possibility!of!quantifying!regional!cardiac!deformation!noninvasively.!It!is!widely!used!for!the!detection!of!myocardial!ischemia!(43)!and!has!been!proposed!as!a!clinically!useful!tool!to!detect!heart!disease!at!its!preclinical!stage,!to!differentiate!among!various!hypertrophy!etiologies,!and!to!monitor!therapy!(5,!39).!Application!of!2DSTE!has!also!been!extended!for!studying!regional!and!global!function!of!other!cardiac!chambers!including!the!right!ventricle!and!the!left!atrium.!Most!importantly,!2DSTE!has!provided!new!mechanistic!insights!into!the!diverse!phenotypic!expressions!of!heart!failure,!with!a!broad!range!of!applications!to!detect!the!early!stages!of!the!progression!of!LV!myocardial!dysfunction!(44).!In!general,!longitudinal!LV!shortening,!which!is!predominantly!governed!by!the!subendocardial!fibers,!is!the!most!vulnerable!component!of!LV!mechanics!and!therefore!most!sensitive!to!the!presence!of!myocardial!disease.!Conversely,!the!midmyocardial!and!epicardial!function!may!remain!relatively!unaffected!early!in!the!disease!course,!and!therefore!circumferential!strain!and!twist!may!initially!remain!normal!or!show!exaggerated!compensation!for!preserving!LV!systolic!performance.!However,!concomitent!increase!in!cardiac!muscle!stiffness!(i.e.!due!to!LV!hypertrophy!or!fibrosis!etc)!may!cause!progressive!delay!in!LV!untwisting.!Loss!of!early!diastolic!longitudinal!relaxation!and!delayed!untwisting!attenuates!LV!diastolic!performance,!producing!elevation!in!LV!filling!pressures!and!a!phase!of!predominant!diastolic!dysfunction,!when!LVEF!may!remain!in!normal!ranges.!Conversely,!an!acute!transmural!injury!or!disease!progression!would!result!in!concomitant!midmyocardial!and!subepicardial!dysfunction,!leading!to!a!reduction!in!all!strain!components!(longitudinal,!circumferential,!twist!mechanics),!which!consequently!causes!a!reduction!in!LVEF.!!! According!to!the!above!principles,!Sengupta!PP!and!Narula!J!proposed!a!new!algorithm!for!exploring!the!spectrum!of!altered!cardiac!muscle!mechanics!in!patients!with!heart!failure!
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based!on!the!relative!involvement!of!various!strain!parameters!(Table!3.2)(44).!
!
!
!
!!!!!In!other!words,!if!the!subendocardial!region!is!unaffected,!but!subepicardial!myocardial!dysfunction!predominates!(e.g.!pericardial!diseases,!myocarditis!etc),!there!will!be!a!predominant!impairment!in!circumferential!and!twist!mechanics.!with!relative!sparing!of!subendocardial!function!in!order!to!preserve!EF. More!commonly,!if!the!subendocardial!region!is!affected,!the!outcome!predominantly!affects!the!longitudinal!shortening!and!suction!performance,!although!EF!is!still!maintained!by!compensation!offered!from!the!outer!subepicardial!region.!Typical!examples!are!the!majority!of!progressive!myocardial!diseases!and!coronary!ischemia.!If!compensation!is!not!possible!due!to!concomitant!dysfunction!of!the!subepicardial!region!in!transmural!disease,!LVEF!becomes!reduced!and!the!LV!dilates!(44).!Common!examples!are!progressive!myocardial!diseases!in!advanced!stages!with!marked!transmural!involvement!and!acute!transmural!infarction,!resulting!in!concomitant!subendocardial!and!subepicardial!dysfunction.!This!novel!approach!of!classifying!LV!mechanics!would!also!explain!why!the!simple!calculation!of!LVEF!is!conceptually!inappropriate!to!evaluate!for!nonAtransmural!myocardial!
Predominant(
functional(
impairment(
Longitudinal(
mechanics(
Circumferential(
mechanics(
Torsional(
mechanics(
Global((
EF(
Diastolic((
filling((
pressures(
Clinical(
syndrome(
Longitudinal! Impaired! Preserved! Preserved! Preserved! Elevated! Diastolic!HF!(HFNEF)!
Subepicardial! Preserved! Impaired! Impaired! Preserved! Elevated! Diastolic!HF!(HFNEF)!
Transmural! Impaired! Impaired! Impaired! Impaired! Elevated! Systolic!HF!!
Table!3.2.!!Classification!of!left!ventricular!mechanics!in!heart!failure!(after!Sengupta!et0al.!(43)).!
Abbreviations:!HF,!heart!failure;!HFNEF,!heart!failure!with!normal!ejection!fraction.!
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diseases!in!early!stages,!as!the!reduction!in!one!directional!strain!can!be!compensated!by!the!strain!in!other!direction(s)!to!maintain!stroke!volume!and!LVEF,!advocating!for!more!sensitive!measures!of!LV!function,!such!as!strain.!This!background!knowledge!has!been!used!to!provide!a!research!framework!for!the!novel!3DSTE!technology!to!assess!LV!deformation,!and!the!Chapters!6A9!will!address!key!topics!arised!from!the!2DSTE!experience:!sources!of!variability!of!3D!strain,!normal!pattern!of!3D!deformation,!STEMI!(prototype!of!transmural!injury)!and!HCM!(prototype!of!impaired!longitudinal!mechanics!with!preserved!EF).!
Limitations$ of$ 2DSTE.! The! accuracy! of! speckle! tracking! is! dependent! on! 2D! image!quality! and! frame! rates.! Good! image! quality! enhances! the! clarity! of! speckle! patterns! and!improves!the!accuracy!and!robustness!of!their!detection.!Low!frame!rates!result! in!unstable!speckle! patterns,! whereas! high! frame! rates! reduce! scanline! density! and! affect! speckle!resolution.!!The!most! critical! limitation! of! speckle! tracking! techniques! is! the! temporal! stability! of!ultrasound! speckle! patterns.! Their! instability! is! not! only! due! to! throughAplane!motion,! but!also! due! to! physiological! changes! of! living! tissue! structures! and! changes! of! interrogation!angles!between!moving!tissue!and!ultrasonic!beam.!The!accumulation!of!small!random!errors!in! the! detection! of! speckled! patterns! during! the! tracking! process! may! potentially! lead! to!inaccurate!strain!results.!Other! relevant! limitations! of! 2DSTE! originate! from! its! twoAdimensional! nature.! The!speckles!have!a!complex!motion! in! the! threeAdimensional!space!and!the!speckle!patterns! in!2D! echo! images! represent! the! inAplane! projection! of! their! actual! 3D!motion.! This! offAplane!limitation! issue! is!known!to!be!more!critical! in!shortAaxis! than! in!apical!views!(i.e.!affecting!more! radial! and! circumferential! 2D! stran! than! longitudinal! 2D! strain).! In! addition,! 2DSTE!analysis! requires! six! image! acquisitions! obtained! from! different! cardiac! cycles! and! from!
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parasternal!and!apical!LV!views!to!compute!all!strain!components!in!all!LV!segments.!This!can!be!an!issue!in!specific!experimental!and!clinical!settings,!particularly!when!the!heart!rate!or!LV! loading! conditions! change! rapidly! (i.e.! stress! echo)(45).! The! ideal! method!would! be! to!derive!all!strain!measurements!from!a!single!3D!dataset,!as!explained!in!the!following!chapter.!Despite!obvious!clinical!benefits!of!2D!strain!imaging,!one!of!the!biggest!challenges!looming!is!the!rapid!pace!of!technological!growth,!which!has!resulted!in!a!great!variety!of!software!and!algorithms.!As!2DSTE!becomes!commonplace,!it!seemed!mandatory!to!ensure!standardization!of!nomenclature,!steps!in!data!acquisition,!as!well!as!optimal!training!to!reduce!data!variability.!The!European!Association!of!Cardiovascular!Imaging!and!the!American!Society!of!Echocardiography!have!undertaken!such!initiative!in!2010!and!have!created!a!Task!Force!together!with!the!industry!representatives!to!standardize!the!2D!strain!imaging!across!vendors!and!users!(46).!The!Task!force!provides!for!the!first!time!a!neutral!communication!platform!to!discuss!the!problems!inherent!in!current!deformation!imaging!tools!and!to!agree!on!definitions!of!the!parameters!to!be!measured.!The!first!document!including!the!recommendations!from!the!Task!force!on!2DSTE!will!be!published!in!2014.!!
!
(
( (
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Chapter(4.(Left(Ventricular(Myocardial(Strain(by(ThreeI
dimensional(SpeckleItracking(
!
Deformation!imaging!by!2DSTE!has!become!an!established!clinically!useful!tool!for!LV!myocardial!function!analysis,!due!to!its!diagnostic,!prognostic!and!management!implications.!The!recent!developments!of!ultrasound!transducer!technology!with!capability!of!realAtime!full!volume!imaging!of!the!LV,!as!well!as!of!hardware!and!software!computing,!make!it!possible!to!perform!speckleAtracking!in!three!dimensions!and!thus!track!the!complex!deformation!of!the!myocardium!(47).!ThreeAdimensional!speckleAtracking!echocardiography!(3DSTE)!represents!the!latest!advance!in!myocardial!deformation!imaging,!overcoming!some!of!the!limitations!of!2DSTE!and!allowing!the!strain!analysis!of!all!LV!segments!from!a!single!3D!dataset.!
4.1.(Principle.((3DSTE!is!an!advanced!postAprocessing!tool!that!tracks!inherent!features!(“speckles”!or!“acoustic!markers”)!in!a!3D!volumetric!image!of!the!LV!over!time.!3DSTE!uses!a!tracking!algorithm!based!on!frameAtoAframe!block!matching!in!threeAdimensions,!which!can!be!considered!a!direct!development!of!2DSTE!to!three!dimensions!(47).!This!involves!successively!searching!for!a!match!between!3D!patterns!found!in!one!frame!and!in!the!following!ones.!Calculation!is!performed!after!defining!a!region!of!interest!(ROI)!that!covers!the!entire!LV!myocardium.!!The!assumption!of!a!stable!local!speckle!pattern!between!subsequent!volumes!holds!true!also!in!the!case!of!3DSTE,!as!detailed!above!for!2DSTE!in!Section!3.5.2.!The!quality!of!each!match!is!calculated,!and!any!outliers!are!detected!and!removed!before!the!weighted!spatial!averaging!of!the!results!is!performed.!The!results!are!next!mapped!to!an!average!myocardial!mesh,!so!that!the!shape!of!the!mesh!model!of!the!LV!can!be!updated!for!all!frames!
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(48).!All!quantitative!results!are!derived!from!this!mesh!model!(Figure!4.1).!It!is!worth!emphasizing!the!fact!that,!the!longer!time!there!is!between!successive!frames!(i.e.!with!lower!temporal!resolution),!the!longer!the!tissue!may!have!moved,!and!the!larger!the!search!areas!for!each!block!matching!has!to!be.!
!
!
Therefore,!the!necessary!time!of!3DSTE!processing!would!shorten!as!the!temporal!resolution!of!the!3D!data!set!increases.!However,!too!much!increase!in!temporal!resolution!will!reduce!the!line!density!in!the!3D!image,!and!so!the!quality!of!speckles.!The!frame!rate!has!to!be!above!a!minimum!level!for!the!natural!acoustic!markers!to!be!recognizable!in!successive!
Figure!4.1.!Principle!of!3D!speckleAtracking!algorithm!(courtesy!of!GE!Healthcare).!
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frames.!As!a!rule!of!thumb,!the!temporal!resolution!should!be!at!least!40%!of!the!heart!rate,!(24!volumes/s!at!60!bpm,!40!volumes/s!at!100!bpm!etc)!(48).!MultiAbeat!ECGAgated!3D!acquisition!is!the!preferred!way!to!achieve!these!levels!of!temporal!resolution!and!still!obtain!large!3D!datasets!able!to!encompass!the!entire!LV.!
4.2.(( Advantages(and(limitations(of(3D(versus(2D(speckleItracking(The!heart!has!a!complex,!threeAdimensional!deformation!pattern,!and!speckles!move!in!the!three!spatial!directions.!3DSTE!offers!a!new!way!to!analyze!the!LV!function!by!echocardiography,!but!most!importantly!a!new!concept!for!assessing!myocardial!function!from!volumetric!acquisitions.!!
Advantages$of$3DSTE.!The!fundamental!difference!between!2DSTE!and!3DSTE!is!that!the!first!tracks!the!projection!of!3D!movement!of!speckles!confined!into!a!fixed!2D!plane,!whereas!the!latter!assesses!real!movement!in!3D,!not!just!a!projection.!With!3DSTE,!performing!tracking!over!time!in!three!dimensions!means!there!is!no!more!outAofAplane!motion!issue!of!the!speckles.!TimeAsaving!is!one!of!the!main!advantages!of!3DSTE!because!all!strain!components!(longitudinal,!circumferential,!radial)!in!all!LV!segments!are!calculated!in!one!analysis!step!from!a!single!dataset.!Within!a!few!minutes,!the!3DSTE!software!provides!a!large!variety!of!parameters!to!quantify!LV!size,!geometry!and!function!(volumes,!stroke!volume,!ejection!fraction,!mass,!sphericity),!including!strain!parameters.!Importantly,!all!these!strain!measures!are!derived!from!the!same!cardiac!cycle!length,!avoiding!the!problems!of!2DSTE!related!to!the!need!of!matching!cardiac!cycle!length!in!separate!LV!image!acquisitions!in!order!to!compute!global!strain.!3DSTE!allows!to!compute!a!new!strain!parameter,!i.e.!area!strain!as!a!measure!of!relative!area!change!that!combines!the!effect!of!longitudinal!and!circumferential!strain!(Figure!4.2).!The!rationale!behind!computing!area!strain!is!that!this!parameter!is!potentially!
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more!accurate!than!single!strain!parameters,!and!indeed!MRI!tagging!showed!that!are!strain!could!discriminate!normal!and!ischemic!zones!better!than!most!other!strain!indexes!(48).!!
!
!
Limitations$of$3DSTE.!With!the!introduction!of!a!new!dimension!with!3DSTE,!new!challenges!arise.!A!3D!full!volume!is!constructed!from!“stitching”!four!to!six!subvolumes.!This!could!lead!to!problems!in!tracking!the!speckles!across!“stitches”,!as!they!belong!to!different!heart!cycles.!However,!since!most!of!the!deformation!occurs!in!small!segments,!this!may!not!be!of!major!importance.!Traditionally,!frame!rate!(20–25!vps)!and!lateral!resolution!(number!of!lines!in!each!direction)!have!been!considered!to!be!too!low!for!effective!tracking.!However,!the!high!end!technology!used!in!this!research!project!allows!to!reach!a!superior!temporal!resolution!(average!32A40!vps),!close!to!the!range!used!for!2DSTE.!
( (
Figure!4.2.!Left!ventricular!myocardial!strain!parameters!measured!by!3D!speckleAtracking!echocardiography!using!4D!AutoLVQ!software.!Courtesy0of0GE0Vingmed!
!! 31!
4.3.(Methodology.(3DSTE!technique!follows!the!subsequent!steps!to!estimate!3D!strain:!I. Key!cardiac!events!A!endAsystole!and!endAdiastole!A!are!indicated!either!automatically!(e.g.,!on!the!basis!of!the!electrocardiogram)!or!manually!(e.g.,!by!visually!inspecting!the!cardiac!cycle!and!indicating!the!frames!with!the!smallest!and!largest!volumes,!respectively);!II. The!region!of!interest!(ROI)!for!3D!strain!estimation!is!defined:!the!endocardial!border,!sometimes!in!combination!with!the!epicardial!border,!is!delineated!manually,!semiautomatically,!or!automatically!at!endAdiastole!and/or!endAsystole!(depending!on!the!software);!III. Segmentation:!LV!is!subdivided!into!segments!for!segmental!strain!analysis,!usually!ranging!from!16!to!18!segments!depending!on!the!segmentation!model!used!by!the!various!software!packages.!!IV. Finally,!the!3D!LV!region!of!interest!is!tracked!throughout!the!cardiac!cycle,!and!the!deformation!curves!versus!time!are!estimated!and!displayed!in!each!segment,!as!well!as!averaged!for!the!entire!LV.!The!calculated!parameters!can!be!presented!in!various!ways,!and!usually!the!output!includes!a!color!coded!bull’s!eye!plot.!! In!Table!4.1.!the!main!features!of!3DSTE!software!packages!used!in!this!research!(i.e.!4D!AutoLVQ)!and!the!differences!between!2D!strain!algorithms!have!been!summarized.!With!4D!AutoLVQ,!the!ventricle!is!divided!into!17!segments,!and!the!instantaneous!strain!throughout!the!cardiac!cycle!is!displayed!numerically!and!using!color!coding!in!the!bull’s!eye!plot!(red=negative;!!blue=positive).!As!shown!in!Table!5.1,!care!should!be!taken!when!comparing!numerical!results!from!2D!strain!and!3D!strain!bull’s!eye!plot.!The!strain!values!displayed!by!2DSTE!are!the!peak!systolic!values!in!various!segments!irrespective!of!their!timing!in!systole,!including!positive!peaks!(if!any),!while!the!strain!values!diasplayed!by!
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3DSTE!are!simultaneus!and!from!one!current!frame!(may!be!end!systolic!frame!or!the!frame!of!peak!systolic!strain!or!any!other).!!
!
!
(
(
(
(
(
(!
! 2D(strain( 3D(strain(Acquisition! 3!parasternal!and!3!apical!2D!views! one!apical!3D!full!volume!Temporal!resolution1! 40A80!fps! 36.6!vps!(in0vitro!validation!study!(12))!Heart!rate! regular!(consecutive!2D!LV!planes)! regular!(ECGAgated!multiAbeat!LV!fullAvolume)!Parameters! all!strains!(longitudinal,!radial,!circumferential)! all!strains!(longitudinal,!radial,!circumferential)!TwoAdirectional!strain2! no! yes!Bull’s!eye!map3! static! dynamic!Calculation!of!global!strain! nonAsimultaneous!segmental!peaks4! simultaneous!segmental!values4!Positive!peak!rule5! yes! no!Drift!compensation6! yes! no!Definition!of!endAsystole! time!of!aortic!valve!closure! time!of!LV!minimal!volume!
Table!4.1.!Comparison!between!2D!strain!and!3D!strain!by!vendorAspecific!equipment!(QAAnalysis!and!4D!AutoLVQ,!respectively,!GE!Vingmed,!Horten,!Norway).!
1higher!range!is!advisable!in!tachycardia!to!avoid!undersampling!2!reflects!a!combination!between!longitudinal!and!circumferential!strain.!!3!bull’s!eye!maps!of!2D!longitudinal!strain!display!one!snapshot!with!peak!values!of!segmental!strain;!bull’s!eye!maps!of!3D!strain!parameters!display!simultaneous!segmental!strain!values!continuously!throughout!the!cardiac!cycle.!!4with!2D!longitudinal!strain!bull’s!eye,!peak!segmental!values!are!displayed!irrespective!of!their!reciprocal!timing!during!systole;!with!3D!strain!bull’s!eye,!simultaneous!segmental!strain!values!are!displayed!in!each!frame.!5!in!the!bull’s!eye!display,!a!positive!strain!is!displayed!during!systole!for!a!certain!segment,!only!if!the!positive!peak!strain!exceeds!75%!of!the!peak!negative!strain!value!in!the!same!segment.!6!all!segmental!strain!curves!are!“forced”!by!the!software!to!return!to!baseline!at!endAdiastole.!!Abbreviations:!2D,!twoAdimensional;!3D,!threeAdimensional;!fps,!frames!per!second;!LV,!left!ventricular;!vps,!volumes!per!second.!!
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For!3D!speckleAtracking!algorithms,!the!accurate!estimation!of!radial!strain!is!more!problematic!than!for!longitudinal!or!circumferential!strain.!This!suboptimal!performance!could!be!related!to!the!fact!that!radial!strain!must!be!calculated!over!a!relatively!smaller!region!(because!of!the!limited!wall!thickness),!in!combination!with!relatively!limited!spatial!resolution!of!speckles!in!apical!LV!3D!acquisitions.!!
Differences!exist!in!the!way!radial!strain!is!defined!and!obtained!by!different!3DSTE!vendors.!The!4D!AutoLVQ!software!used!in!this!research!project!estimates!radial!strain!from!the!area!strain!assuming!that!the!segment!has!a!constant!volume!V.!Radial!strain!is!found!as!3DRε!=!100*(RAR0)/!R0,!where!R!=!V/A!is!the!radial!length!of!the!segment,!and!A!is!the!segmental!area.!R0!is!the!initial!length!at!end!diastole!(QRS).!By!substitution,!the!radial!strain!formula!can!also!be!written!3DRε!=!A100*3DAε!/(3DAε!+100),!where!3DAε!is!the!area!strain!(48).!
!
4.4.(( Validation.(! 3DSTE!algorithm!has!been!validated!with!phantoms!and!sonomicrometry!in!several!experimental!studies!(6,!7,!49,!50).!Overall,!these!studies!reported!moderate!to!very!good!correlations!(r!=!0.49–0.91)!between!regional!strain!values!obtained!by!3D!STE!methods!and!sonomicrometry.!The!radial!strain!component!showed!the!worst!correlation!and!agreement!with!sonomicrometry!for!all!the!tested!approaches.!As!mentioned!in!the!previous!section,!in!order!to!overcome!this!shortcoming,!a!solution!provided!by!some!vendors!was!to!compute!radial!strain!from!other!strain!components!which!are!more!reliably!measured.!Although!the!images!in!simulated!phantom!models!and!animal!experiements!have!realistic!image!quality,!image!artifacts!often!encountered!in!clinical!images!are!usually!not!present.!Given!the!high!susceptibility!of!3DSTE!algorithm!to!image!quality!issues,!clinical!validation!in!real!life!patients!appears!as!the!reasonable!next!step.!
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! On!the!other!hand,!validating!3DSTE!in!a!clinical!setting!is!challenging!because!no!reference!measures!of!LV!myocardial!deformation!are!available.!The!new!3DSTE!technique!can!be!compared!against!only!one!of!the!currently!established!methods!to!assess!LV!myocardial!function!(e.g.,!DTI,!2DSTE,!CMR!tagging).!However,!the!results!of!such!comparisons!should!be!interpreted!with!caution,!because!none!of!the!available!noninvasive!imaging!techniques!for!assessing!LV!deformation!is!a!true!goldAstandard!method.!Such!comparison!would!show!only!the!comparability!of!strain!values!among!different!techniques!rather!than!indicating!if!one!method!is!more!accurate!than!the!other!(27).!
4.5.(Clinical(value(of(3D(speckleItracking(to(date(Recent!studies!have!provided!encouraging!results,!showing!the!potential!of!3DSTE!to!replace!2DSTE!and!DTI!in!a!clinical!setting!in!which!the!value!of!deformation!imaging!is!already!proven!(e.g.,!the!detection!of!myocardial!ischemia!etc).!!Specifically,!several!researchers!reported!that!LV!global!strain!quantitation!by!3DSTE!is!a!reliable!technique!for!the!evaluation!of!global!LV!function,!in!comparison!with!conventional!parameters!(ejection!fraction!by!3DE!and!CMR,!cardiac!output,!wall!motion!score!index)!and!global!2D!longitudinal!strain!(51A55).!By!far,!the!most!attractive!clinical!application!of!3DSTE!is!in!the!setting!of!ischemic!heart!disease,!for!which!detecting!areas!of!regional!myocardial!dysfunction!is!equally!important!than!measuring!global!LV!function.!Even!though!it!still!remains!unclear!whether!3D!STE!regional!strain!values!are!as!reliable!as!those!obtained!by!DTI!or!2DSTE,!preliminary!evidence!showed!that!3DSTE!has!a!good!agreement!with!delayedAenhancement!CMR!to!detect!myocardial!scar!in!patients!with!healed!myocardial!infarction!(52),!as!well!as!with!conventional!visual!wall!motion!score!(53).!
( (
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4.6.(Reproducibility(
A!clinically!important!aspect!for!the!reliable!applicability!of!3DSTE!is!the!reproducibility!of!the!strain!measurements.!A!highly!precise!or!reliable!study!will!give!the!same!measurement!on!sequential!examinations!and!is!a!vital!characteristic!of!a!good!followAup!test.!Indeed,!if!the!study!is!highly!precise!(reproducible)!A!even!if!it!is!of!limited!accuracy!A!most!clinicians!would!find!such!a!study!useful,!providing!that!the!bias!from!the!actual!measurements!was!reproducible!(56).!Overall!the!reproducibility!of!current!3DSTE!was!reported!as!acceptable!to!excellent!(57,!58),!including!at!testAretest!(51,!54).!In!general,!radial!strain!values!showed!higher!variability!than!values!of!longitudinal!or!circumferential!strain,!and!segmental!strain!showed!greater!variability!than!global!strain!values.!The!reproducibility!of!3DSTE!was!either!comparable,!or!superior!than!of!2DSTE!particularly!for!radial!and!circumferential!strain!(51).!As!stated!for!2DSTE,!the!biggest!concern!regarding!the!reproducibility!of!3DSTE!is!related!to!its!consistency!among!vendors.!3DSTEAderived!strain!parameters!currently!exhibit!a!wide!variation!in!the!reported!values!depending!on!the!imaging!system!and!software!used!(see!Chapter!6)(59).!
!
!
!
! !Figure!4.3.!Assessment!of!circumferential!strain.!This!simulation!of!a!ventricle!with!a!fractional!shortening!of!30%!illustrates!how!the!measurement!of!circumferential!strain!depends!on!the!definition!of!the!parameter.!If!circumferential!strain!is!defined!as!shortening!of!the!endocardium,!the!measurement!result!will!be!A30%.!If!defined!as!midwall!shortening,!only!A16%!will!be!measured.!Averaging!the!entire!wall!will!result!in!A17%.!All!these!definitions!are!used!in!current!systems!(reproduced!from!Voigt!J.!(30)).!
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There!are!fundamentally!three!sources!of!variation:!acquisition,!postprocessing,!and!the!hemodynamic!status!of!the!patient!(afterload!variations!such!as!blood!pressure!etc).!!A!sufficiently!high!temporal!resolution!has!traditionally!been!considered!the!most!important!aspect!of!acquisition!in!deformation!ultrasound.!For!3DSTE,!the!most!important!aspect!is!probably!to!achieve!the!optimal!tradeAoff!between!temporal!and!spatial!resolution,!since!higher!frame!rates!may!lead!to!some!compromise!in!spatial!resolution!because!of!the!sacrifice!in!line!density.!While!the!computational!power!is!substantially!similar,!the!various!vendors!may!propose!slightly!different!ways!of!managing!the!tradeAoff!between!temporal!and!spatial!resolution!(prioritizing!more!one!at!the!expense!of!the!other).!The!optimal!temporal!and!spatial!resolution!for!3DSTE!are!yet!unknown.!Two!preliminary!studies!have!reported!on!optimal!temporal!temporal!resolution:!3DSTE!had!the!best!agreement!with!2DSTE!for!longitudinal!strain!estimation!at!a!temporal!resolution!of!34A50!vps,!and!the!highest!correlations!for!longitudinal!and!circumferential!strain!estimation!with!sonomicrometry!at!37!vps!(6).!
As!discussed!in!previous!sections,!variations!in!3DSTE!postAprocessing!may!refer!to!various!aspects,!such!as:!global!strain!calculation,!definition!of!linear!strains,!application!of!drift!compensation!and!segment!validation,!including!ways!of!controlling!the!outliers!and!the!order!of!calculation!etc.!All!these!technical!aspects!can!only!be!partially!disclosed!to!the!user,!since!this!information!is!property!of!the!vendors,!making!their!software!packages!a!sort!of!“black!box”!(30).!The!study!presented!in!Chapter!6!was!among!the!first!to!provide!clinical!evidence!on!this!issue.!As!a!logical!consequence!of!the!intervendor!variability,!the!reference!values!should!be!defined!for!each!vendor!and!software!(see!Chapter!7).!
(
( (
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4.7.(((Feasibility(
The!acquisition!of!volumetric!LV!datasets!required!for!3DSTE!analysis!is!limited!to!patients!with!no!heart!rhythm!irregularities!and!in!a!clinically!good!condition!(able!to!cooperate!for!breathholding!for!up!to!10!seconds).!In!addition,!the!accuracy!of!2DSTE!and,!probably!even!more,!of!3DSTE!algorithm!is!critically!dependent!on!the!optimal!image!quality!of!the!acoustic!window,!without!reverberation!or!dropout!artifacts.!!In!addition,!the!acquisition!of!an!adequate!3D!dataset!for!LV!strain!analysis!requires!a!sufficient!amount!of!dedicated!training!and!skill.  
These!basic!technical!requirements!may!dramatically!limit!the!number!of!patients!in!whom!3DSTE!is!feasible!in!the!world!of!clinical!cardiology.!!To!date,!feasibility!of!3DSTE!in!everyday!practice!is!unknown,!but!is!expected!to!be!lower!the!feasibility!of!2DSTE.!After!excluding!patients!with!irregular!rhythm!and!unable!to!breathhold,!the!reported!feasibility!of!3DSTE!so!far!ranged!between!63%!and!83%,!being!lower!than!for!2DSTE!(80A97%)!(27).!
All!current!3DSTE!approaches!seem!to!have!difficulties!estimating!deformation!in!the!basal!parts!of!the!LV.!The!lowest!correlation!between!the!3DSTE!approach!and!2DSTE!or!triplane!imaging!was!seen!in!the!basal!LV!segments!(60).!In!addition,!LV!apical!segments!are!often!incompletely!imaged!in!a!pyramidalAshaped!LV!volumetric!acquisition.!Even!though!the!volume!of!LV!dataset!can!be!increased!to!its!maximum!size,!this!would!lead!to!an!unacceptably!low!temporal!resolution!for!3D!strain!imaging!and!is!not!recommended.!When!more!than!3!segments!per!ventricle!cannot!be!analyzed,!the!global!LV!3D!strain!parameters!are!no!longer!provided,!as!the!strain!average!in!that!case!would!not!be!truly!representative!of!global!LV!performance.!!
The!research!studies!presented!in!the!following!chapters!add!relevant!new!data!on!the!feasibility!of!3DSTE!and!provide!more!detailed!insights!on!the!current!technical!limitations!of!
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Chapter(5.(Methodology(
5.1.(Selection(of(subjects(
( Several!different!patient!populations!were!recruited!for!this!series!of!studies!included!in!the!present!thesis.!Chapter!6!presents!the!study!exploring!the!clinical!variability!of!3D!strain!values!at!repeated!measurements!pertaining!to!different!observers,!software!packages!and!vendors.!The!patient!population!was!designed!to!reflect!the!current!clinical!practice!and!included!consecutive,!clinically!stable!patients!with!a!full!spectrum!of!cardiac!conditions.!A!total!of!71!patients!referred!for!a!clinically!indicated!routine!echocardiography!in!the!Echocardiography!Laboratory!of!the!Padua!University!Hospital!(Italy)!were!screened!for!enrolment.!The!inclusion!criteria!were!those!imposed!by!the!application!of!3DE!modality:!presence!of!sinus!rhythm,!adequate!apical!acoustic!window!and!ability!to!breathhold!for!5A10!seconds!during!the!3D!full!volume!acquisition!of!LV.!Eleven!patients!(15%)!were!excluded!due!to!poor!2D!image!quality!(>2!LV!segments!not!adequately!visualized!without!contrast!infusion)!or!persistent!stitching!artifacts!despite!reAattempted!3D!dataset!acquisition.!Accordingly,!the!final!population!consisted!of!60!patients.!Studies!were!retrieved!from!the!digital!archive!and!analyzed!offline!on!dedicated!workstations.!Chapter!7!represents!a!prospective,!normative!study!of!LV!3D!strain!parameters.!The!population!used!for!this!study!was!enrolled!as!part!of!a!larger!research!project!aimed!to!establish!the!reference!values!for!chamber!and!valve!quantification!by!transthoracic!3DE.!These!subjects!were!healthy!Caucasian!volunteers!prospectively!recruited!between!2011!and!2013!in!the!Echocardiography!Laboratory!and!in!the!Research!Echolab!of!the!Padua!University!Hospital!among!hospital!employees,!fellows!in!training,!their!relatives!and!people!who!underwent!medical!visits!for!driving!or!working!license.!Study!sample!size!was!
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determined!according!to!Altman!et!al!(61),!who!set!200!subjects!as!the!minimum!number!to!enrol!in!a!study!aimed!to!assess!reference!values!for!biological!variables.!Criteria!for!recruitment!included:!age!>!17!years,!no!previous!history!of!cardiovascular!or!lung!disease,!no!symptoms,!absence!of!cardiovascular!risk!factors!(i.e.!systemic!hypertension,!smoking,!diabetes,!dyslipidemia),!no!cardioA/vasoactive!treatment,!normal!electrocardiogram!and!physical!examination.!Exclusion!criteria!included:!trained!athletes,!pregnancy,!body!mass!index!>!30!kg/m2,!poor!apical!acoustic!window!(defined!as!more!than!two!LV!segments!not!adequately!visualized!without!contrast!infusion)!and!inadequate!3D!datasets!for!global!LV!3D!strain!analysis!(either!due!to!incomplete!LV!visualization!or!poor!tracking!in!>3!segments).!For!the!LV!3D!strain!normative!study,!from!a!total!of!276!healthy!volunteers!screened,!218!met!the!entry!criteria!in!the!study.!This!healthy!population!was!also!used!to!analyze!the!variability!of!3D!strain!normal!values!related!to!the!software!package!used!for!measurements,!subAstudy!presented!in!the!Chapter!6!dedicated!to!3D!strain!variability.!Chapter!8!is!a!prospective,!observational!study!exploring!the!potential!clinical!impact!of!introducing!LV!myocardial!functional!analysis!by!3DSTE!in!patients!after!a!recent!STAelevation!myocardial!infarction.!Patients!were!included!if!they!had!no!history!or!documentation!of!previous!old!infarction,!fulfilled!the!diagnostic!criteria!of!acute!STEMI!and!were!successfully!treated!by!primary!PCI.!Additional!enrolment!criteria!was!the!performance!of!LV!study!by!both!echocardiography!and!LGEACMR!within!24!hours,!fulfilled!in!46!patients.!The!overall!number!of!STEMI!patients!studied!with!echocardiography!was!77,!and!included!those!patients!in!which!LGEACMR!was!either!not!performed!or!did!not!fulfill!the!entry!criteria.!Chapter!9!is!a!prospective,!observational!study,!aiming!to!explore!the!LV!geometry!and!myocardial!strain!in!42!consecutive!patients!with!hypetrophic!cardiomyopathy!by!3D!echocardiography.!Patients!were!identified!in!the!specialized!outpatient!clinic!dedicated!to!hypertrophic!cardiomyopathy!of!the!Padua!University!Hospital,!either!during!their!initial!
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evaluation!or!at!routine!yearly!followAup.!A!total!of!42!patients!who!met!the!entry!criteria!(sinus!rhythm,!good!apical!acoustic!window,!LV!EF!>!50%)!were!studied!in!the!Research!Echo!Lab!at!the!Padua!University!Hospital.!A!group!of!42!ageAand!genderAmatched!healthy!subjects!from!the!normative!study!were!used!as!controls.!All!the!studies!from!this!series!were!approved!by!the!Ethics!Committee!of!the!University!of!Padua!(protocols!#2380!P,!#2332!P,!#2634).!All!patients!included!in!this!research!have!provided!their!written!informed!consent!for!enrolment!in!the!respective!study.!!
5.2.(((LV(analysis(by(conventional(2D(echocardiography(and(2DSTE((
Standard!echocardiographic!views!were!obtained!using!a!commercially!available!Vivid!E9!ultrasound!system!equipped!with!M5S!and!4V!probes.!Grayscale!images!were!acquired!using!secondAharmonic!imaging!with!frequency,!depth,!and!sector!width!adjusted!for!frameArate!optimization!(between!50A80!fps).!Image!settings!and!frameArates!were!kept!similar!for!LV!short!axes!at!basal,!mid!and!apical!level,!as!well!as!in!fourAchamber,!twoAchamber,!and!longAaxis!apical!views,!which!were!recorded!immediately!one!after!another.!Peak!early!diastolic!(e’)!mitral!annular!velocities!were!obtained!by!pulseAwave!tissue!Doppler!imaging!from!the!apical!fourAchamber!view!using!both!the!septal!and!the!lateral!sites.!The!average!e’!was!used!to!calculate!the!ratio!of!peak!earlyAdiastolic!transmitral!flow!velocity!E!to!e’,!to!estimate!LV!filling!pressures.!Both!twoAdimensional!and!Doppler!images!were!digitally!stored!as!three!consecutive!cycles!recorded!during!endAexpiratory!apnea.!!
TwoAdimensional!strain!was!evaluated!from!standard!bidimensional!acquisitions,!using!a!dedicated!software!package!(EchoPac!PC!BT!12,!GE!Vingmed,!Norway)!(37)!by!a!single!observer!experienced!in!2D!strain!quantitation!by!STE.!By!tracing!the!endocardial!contour!on!an!endAdiastolic!frame,!the!software!automatically!tracked!the!contour!on!subsequent!frames.!An!automatically!generated!region!of!interest!(ROI)!divided!into!six!segments!was!provided!
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for!each!view!(i.e.!3!parasternal!for!radial!and!circumferential!strain,!3!apical!for!longitudinal!strain).!Tracking!quality!was!verified!in!real!time!and!the!region!of!interest!was!manually!corrected!by!contour!position!refinements!and!width!adjustments!to!fit!the!LV!wall.!The!LV!was!divided!into!17!segments!and!each!segment!individually!analyzed.!LV!segments!with!inadequate!tracking!were!rejected!by!the!software/operator.!If!more!than!2!segments!had!inadequate!tracking,!global!strain!values!were!not!computed.!!
!
!
5.3.((((LV(analysis(by(conventional(3D(echocardiography(and(3DSTE((
Consecutive!4!and!6Abeat!ECGAgated!subvolumes!were!acquired!from!apical!approach!using!secondAharmonic!imaging,!during!an!endAexpiratory!apnea!to!generate!the!fullAvolume!data! set! (62).! Care! was! taken! to! encompass! the! entire! LV! cavity! within! the! data! set.! The!
Figure!5.1.!Example!of!LV!longitudinal!strain!analysis!by!2D!speckleAtracking!software!(EchoPac!BT!12,!GE!Vingmed,!Horten,!Norway)!
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quality! of! the! acquisitions! was! then! verified! in! each! patient! by! selecting! the! multiAslice!display!mode!available!on!the!machines!(Figure!5.2)!to!ensure!optimal!imaging!of!the!entire!LV!wall!at!each!shortAaxis!level!and,!if!unsatisfactory,!the!data!set!were!reAacquired.!!
0!! ThreeAdimensional! LV! quantitative! analysis! was! perfomed! by! a! single! experienced!researcher!using!a!commercially!available!software!(4D!AutoLVQ,!EchoPac!BT!12!and!BT!13),!dedicated!for!the!analysis!of!proprietary!3D!datasets!acquired!with!the!Vivid!E9!scanner!(GE!Vingmed,!Horten,!Norway).! The!workflow! for! the! quantitative! analysis! of! LV! 3D! geometry!and!deformation!consisted!of!several!steps:!!
1. After!an!automated!cropping!of!the!3D!full!volume!in!a!quad!screen!display!(i.e.!apical!fourAchamber,!twoAchamber!and!longAaxis!views,!as!well!as!a!shortAaxis!view),!manual!adjustments!to!optimize!each!view!were!performed!by!pivoting!and!translating!each!plane!so!that!the!corresponding!intersection!line!of!the!3!LV!planes!was!placed!in!the!middle!of!the!LV!cavity,!crossing!the!LV!apex!and!the!center!of!mitral!valve!in!each!view.!Manual!verification!of!the!
Figure!5.2.!MultiAslice!display!of!3D!LV!dataset!
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timing!of!endAdiastole!and!endAsystole!was!performed,!and!adjustments!were!done!when!necessary;02. !Endocardial!surface!identification!was!manually!initialized!by!placing!2!attractor!points!in!each!longitudinal!view!(at!the!apex!and!in!the!middle!of!mitral!annulus),!in!endAdiastole!and!then!in!endAsystole;03. If! endocardial! border! detection! was! judged! unsatisfactory! by! the! examiner,! LV!endocardial! borders! could! be! manually! adjusted! in! a! multiplanar! layout! (3! apical! and! 3!transverse!planes)!by!a!pointAclick!method,!with!secondary!immediate!automated!refinement!of!boundary!detection!accordingly!(63).!Manual!correction!of!endocardial!surface!was!done!to!include! trabeculae! and! papillary! muscles! in! each! view,! as! well! as! between! the! standard!planes.!The!position!of!the!contour!was!doubleAchecked!by!observing!motion!images;!4. After!the!quantitative!analysis!derived!from!endocardial!LV!surface!(3D!volumes!and!EF),!a!similar!contour!on!the!LV!epicardial!surface!was!added!in!the!next!step,!thus!delimitating!the!region!of!interest!from!which!LV!3D!strain!parameters!were!computed!(Figure!5.3).!0Manual!refinements!of!this!second!epicardial!contour!to!precisely!fit!the!LV!wall!in!each!segment!were!also!performed;05. Final!analysis!using!3DSTE!algorithm!yielded!segmental!and!global!values!for!each!strain!component!!(longitudinal,!3DLƐ;!circumferential,!3DCƐ;!radial,!3DRƐ;!area!strain,!3DAƐ)!in!each!frame!of!the!cardiac!cycle,!presented!as!colorAcoded!polar!maps!and!timeAstrain!traces!of!a!LV!17Asegment!model.!4D!AutoLVQ!package!does!not!apply!any!drift!compensation!to!strain!curves,!and!LV!segments!showing!a!significant!drift!of!Lε!(more!than!12!percentage!points)!of!endAsystolic!strain!curves!from!the!baseline!were!rejected!from!the!subsequent!analysis.!In!addition!to!the!automated!validation!of!tracking!quality!performed!by!the!software!(rejecting!segments!with!excessive!drift!at!endAdiastole),!visual!check!was!performed!by!the!operator,!who!rejected!additional!segments!(if!their!deformation!was!inadequately!tracked!in!the!
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motion!images!or!if!they!showed!unsound!curve!patterns)(Figure!5.4).!!Global!strain!was!automatically!computed!as!a!weighted!average!of!the!segmental!strain!values!and!displayed.!Rejected!segments!were!not!included!in!the!calculation!of!global!strain.(Global!strain!was!not!computed!when!more!than!three!LV!segments!were!rejected.(
!!!!!
Figure!5.3.!Example!of!LV!strain!analysis!by!3DSTE!using!4D!AutoLVQ!software.!The!ROI!is!edited!manually!by!user!in!order!to!fit!the!LV!wall!thickness!(excluding!pericardium!or!atrial!myocardium)!on!three!apical!views!and!three!shortAaxes,!but!also!in!between!them!(as!shown!in!the!panel!marked!by!a!yellow!locker)(B)!Parametric!colorAcoded!(redAnegative;!blueApositive)!display!of!3D!longitudinal,!circumferential,!area!and!radial!strain!at!endAsystole!obtained!from!a!single!dataset.!The!17th!segment!has!been!automatically!rejected!by!sofware!due!to!excessive!drift!at!endAdiastole.!
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Figure!5.4.!Example!of!poor!3DSTE!tracking!using!4D!AutoLVQ!software!in!the!basal!LV!segments.!The!“X”!mark!at!the!inferior!basal!segment!shows!that!it!was!rejected!by!software!due!to!excessive!drift.!The!strain!curve!of!the!posterior!basal!segment!(also!rejected)!has!been!highlighted!in!yellow!color!to!illustrate!the!aspect!suggestive!for!poor!tracking,!with!positive!early!systolic!strain!(stretching),!double!late!peaks!in!diastole!and!large!endAdiastolic!drift.!Indeed,!the!peak!endAsysolic!strain!in!the!posterior!basal!segment!has!an!abnormally!low!value!(A10%).!These!poorly!tracked!segments!should!be!excluded!from!the!computaton!of!global!LV!strain.!
!! 49!
Chapter(6.(Measurement(Variability(of(3D(Strain(
6.1.(Introduction(
The!development!of!myocardial!deformation!analysis!by!echocardiography!has!allowed!the!quantitation!of!LV!myocardial!function!at!regional!and!global!level,!aiming!to!render!its!assessment!more!objective,!accurate!and!reproducible!(3).!A!significant!concern!raised!for!2DSTE!method!was!the!interAvendor!inconsistency!of!LV!strain!measurements,!namely!when!different!2DSTE!platforms!provided!by!various!manufacturers!have!been!applied!to!study!the!same!subjects!in!the!same!setting,!by!the!same!examiner!(64,!65).!This!discordance!in!the!strain!values!output!could!reflect!the!technical!differences!of!the!acquired!datasets!(spatial!and!temporal!resolution,!overall!image!quality),!as!well!as!differences!in!postAprocessing!(accuracy!of!myocardial!tracking,!definition!and!computation!of!strain!parameters!etc).!Although!research!in!this!area!is!presently!ongoing,!this!clear!evidence!has!contributed!to!raise!the!awareness!of!interAvendor!differences!of!strain!analysis!and!has!led!to!joint!strategic!efforts!aiming!to!achieve!standardization!of!2DSTE!technology!(46).!!The!newly!developed!3DSTE!based!on!3D!data!sets!has!the!potential!to!circumvent!some!of!the!limitations!of!2DSTE!in!the!assessment!of!LV!myocardial!deformation,!mainly!related!to!its!tomographic!nature!and!outAofAplane!motion!issue.!Despite!there!is!a!growing!interest!for!applying!3DSTE!to!measure!LV!myocardial!deformation!in!various!pathological!conditions!(66A68),!data!about!its!interAvendor!consistency!in!assessing!routine!patients!in!clinical!setting!is!lacking.!Since!various!3DE!platforms!are!now!commercially!available,!this!evidence!is!pivotal!for!the!3DSTE!technique!to!be!implemented!in!both!clinical!and!research!arenas!and!for!an!effective!interpretation!of!study!findings.!Accordingly,!in!the!present!study!2!commercially!available!3DSTE!platforms!have!been!used! to! obtain! LV! 3D! strain! in! the! same! patient! population,! in! order! to:! 1.! investigate! and!
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compare!their!intrinsic!variability!in!terms!of!their!intraA!and!interAobserver!reproducibility,!as!well!as!at!testAretest;!2.!assess!the!interAvendor!consistency!of!3D!strain!measurements;!3.!identify! some! of! the! sources! of! interAvendor! inconsistencies,! if! any.! A! subAstudy! of! the!normative! study!presented! in!Chapter!7,! comparing! the! impact!of!3DSTE! software!package!applied!on!the!same!3D!datasets,!has!been!reported!herein!to!complement!for!Aim!#3.!
(
6.2.(Methods(
6.2.1.(3D(Acquisition.!All!examinations!were!performed!with!commercially!available!!echocardiographic!systems!(Vivid!E9,!GE!Healthcare,!Horten,!Norway,!and!Artida,!Toshiba!Medical!Systems!Corporation,!Tokyo,!Japan)!equipped!with!the!4V!and!the!PSTA25SX!phasedAarray!matrix!transducers,!respectively.!Two!3D!LV!full!volume!datasets!were!acquired!from!apical!approach!by!the!same!experienced!examiner,!at!the!beginning!and!at!the!end!of!the!standard!echocardiographic!examination!using!both!echo!platforms!in!sequence!and!without!changing!patient!position.!The!wideAangle!default!settings!of!each!scanner!recommended!by!the!two!manufacturers!(48,!69)!was!used!for!all!3D!acquisitions.!Data!sets!were!digitally!stored!in!rawAdata!format!and!exported!to!separate!workstations!equipped!with!the!two!commercially!available!softwares!(EchoPAC!BT11,!GE!Healthcare,!Horten,!Norway,!and!3D!WMT,!Toshiba!Medical!Systems!Corporation,!Tokyo,!Japan)!for!offline!analysis!of!LV!myocardial!deformation!measurements!by!3DSTE,!together!with!LV!volumes,!mass!and!ejection!fraction!quantitation.!!
6.2.2.(3D(Analysis.!A!single!experienced!investigator!analyzed!the!data!sets!in!random!order,!unaware! of! the! identity! of! the! patients.! The! mean! time! spent! for! the! analysis! with! each!software!was!recorded!for!subsequent!comparison.!!Data!sets!acquired!with!Artida!were!displayed! in!a!5Aslice!mode!(Figure!6.1).!The!LV!was! automatically! divided! in! 17! 3D! segments! using! standard! segmentation! (19).! The!
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following!parameters!of!global!myocardial!deformation!(Lagrangian!strain)!were!measured:!longitudinal! (Lε),! circumferential! (Cε),! radial! (Rε)!and!area! (Aε)!strain.!Measurements!were!performed! using! a! methodology! extensively! described! by! Seo! et! al! (7),! timeAstrain! curves!were!displayed!with!drift!compensation!of!any!segmental! trace!and!temporal!strainAvolume!variations!presented!in!a!wide!variety!of!colorAcoded!displays.!Global!strain!values!for!all!3D!deformation!parameters,!as!well!as!the!other!LV!measurements!were!exported!into!an!Excel!spreadsheet!for!statistical!analysis.!Datasets! acquired! with! Vivid! E9! were! analyzed! using! the! 4D! AutoLVQ! package!(EchoPAC!BT!11,!GE!Vingmed,!Horten,!Norway),!as!described!in!Chapter!5.3.!!
!!!!!
Figure!6.1.!Left!ventricular!data!set!display!with!3D!speckleAtracking!analysis!of!myocardial!deformation!using!Artida!(Panel!A)!and!Vivid!E9!(Panel!B)!platforms.!On!the!right!side!of!each!panel,!the!derived!timeAstrain!curves!are!shown.!TimeAstrain!curves!obtained!with!Artida!show!a!drift!compensation!(i.e.!all!curves!are!forced!to!reach!the!zero!baseline!at!endAdiastole!A!upper!right!panel).!This!does!not!apply!to!the!timeAstrain!curves!provided!by!Vivid!E9!(lower!right!panel),!a!large!drift!(>!12%)!leading!to!automated!segment!rejection!by!this!software;!a!timeAstrain!curve!with!a!significant!drift!is!highlighted!in!yellow.!!
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!
6.2.3.(Reproducibility(assessment(
(i)( IntraIobserver.( To! explore! the! impact! of! the! intrinsic! variability! of! each! system! at!repeated! measurements,! 20! randomly! selected! LV! datasets! were! analysed! by! a! single!observer!on!two!different!occasions!separated!by!one!week!interval.!!
(ii)(InterIobserver.(A!second!observer,!blinded!to!the!results!obtained!by!the!first!observer,!independently!analyzed!the!same!20!datasets.!!
(iii)!TestIretest.(Variability!at!sequential!evaluations!was!assessed!by!comparing!3D!strain!measurements!from!two!different!LV!datasets!acquired!in!sequence,!at!the!beginning!and!at!the!end!of!the!echo!study!(around!40!minutes!later),!obtained!in!the!same!patient!by!the!same!observer!using!the!same!platform.!
(iiii)(InterIvendor.(The!agreement!between(the!3D!strain!measurements!provided!by!Artida!and! Vivid! E9! was! assessed! by! comparing! the! measurements! of! each! strain! component!obtained!with!these!two!systems!in!the!same!patient,!by!the!same!observer.!!
6.2.4.(Analysis(of( sources(of( interIvendor( inconsistency.( In!order!to!explore!the!reasons!for!the!observed!differences!between!the!two!vendors,!various!factors!have!been!tested:!(a)!image!quality!of!3D!datasets,!(b)!temporal!resolution!of!3D!datasets!and!(c)!the!influence!of!the!specific!software!used!for!postAprocessing!3D!datasets.!!!(a)! Image!quality! of! 3D!datasets!was! independently! scored!by! two!observers! by! looking! at!sliced! images! and! was! graded! as! poor! (incomplete! endocardial! border! visualization),! fair!(complete,!but!suboptimal!visualization!of!endocardial!border)!and!good!(clear!visualization!of! the! whole! endocardial! border).! In! case! of! disagreement! between! the! two! observers,! a!consensus! was! reached! by! joint! review.! 3D! strain! measurements! obtained! from! datasets!scored!as!having!good!quality!with!both!platforms!were!compared.!In!addition,!the!number!of!LV!segments!which!did!not!enter!within!the!image!sector!of!the!sliced!datasets!was!collected.!!
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(b)! To! test! the! influence! of! dataset! temporal! resolution! on! intervendor! consistency! of! 3D!strain!measurement,!in!15!patients!an!additional!data!set!was!acquired!with!Artida!at!30!vps,!immediately! after! the! reference! one,! in! order! to! achieve! the! same! temporal! resolution! of!datasets!acquired!with!Vivid!E9.!(c)!In!a!first!step,!the!influence!of!the!software!used!to!analyze!the!3D!datasets!was!assessed!in!20!patients!by!comparing!3D!strain!results!obtained!by!a!single!observer!who!analyzed!all!3D! datasets! acquired! with! both! platforms! with! a! vendorAindependent! software! (4D! LV!Analysis,! TomTec! Imaging! Systems,! Unterschleissheim,! Germany).! In! a! second! step,! 3D! LV!datasets!obtained!using!Vivid!E9!from!218!healthy!volunteers!were!analysed!with!the!vendorAspecific!software!(4D!AutoLVQ)!and!then!with!the!vendorAindependent!TomTec!software!by!the!same!observer,!two!months!after!the!first!analysis,!and!the!resulting!reference!values!of!3D!strain!were!compared.!
Statistical0Analysis.(Data!are!summarized!as!mean±SD,!frequencies!and!ranges,!as!appropriate.!Continuous!data!were! compared!with! the! twoAtailed!Student! t! test! for!paired!and!unpaired!data,! respectively.! For! each! deformation! parameter,! the! consistency! between! each! pair! of!measurements!obtained!with! the! two!platforms!was!assessed!using!BlandAAltman!statistics,!to! calculate! the! systematic! bias! and! limits! of! agreement,! and! with! Pearson’s! correlation!coefficients.! IntraA! and! interAobserver,! as!well! as! testAretest! variability!were! assessed!using!BlandAAltman!statistics!(coefficient!of!repeatability,!CR)!and!intraclass!correlation!(intraclass!correlation!coefficient,!ICC).!Comparison!of!Pearson’s!correlation!coefficients!was!performed!using! the!Z!score!statistic.!A!probability!value!<0.05!was!considered!statistically!significant.!Data! analysis! was! performed! using! SPSS! version! 15.0! (SPSS! Inc.,! Chicago,! IL,! USA)! and!MedCalc!for!Windows,!11.4.3.0!release!(Mariakerke,!Belgium)!statistical!software.!
( (
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6.3.(Results(
6.3.1.(Feasibility(Feasibility! of! 3D! LV!data! set! acquisition!was! 85%! (60! out! of! 71! attempted)! and! the!final!study!group!comprised!60!pts!with!a!wide!range!of!age!and!body!surface!areas!(Table!6.1),!LV!volumes!and!ejection!fractions!(Table!6.2).!!! !
Variables( N(=(60(pts(Males!(%)!! 41!(68%)!Age!(yrs)!! 58±15!(range!30A87)!Body!surface!area!(m2)!! 1.85±0.18!Heart!rate!(bpm)!! 64±12!Systolic!blood!pressure!(mmHg)!! 120±18!Diastolic!!blood!pressure!(mmHg)!! 74±11!
Clinical(indications(for(echo(study( !Ischemic!heart!disease! 32!(53%)!Valvular!heart!disease!! 9!(15%)!Normal!! 5!(8%)!Cardiomyopathies! 4!(7%)!Arterial!hypertension! 2!(3%)!Congenital!heart!disease! 2!(3%)!Other! 6!(10%)!
Table!6.1.!Demographic!and!clinical!characteristics!of!the!study!patients.!
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! Average! heart! rate!was! similar! between! datasets! acquired!with! Artida! and! Vivid! E9!(Table!6.2).!Conversely,!dataset!volume!size!was!significantly!lower!and!temporal!resolution!was! significantly!higher! for! those!acquired!with!Vivid!E9.!Quality!of! sliced! images!obtained!from!the!3D!datasets!was!significantly!better!with!Vivid!E9!(Table!6.2).!! !!
Echocardiographic(Variables( Artida( Vivid(E9( p(value(
Data!set!size!(degrees)! 90°!x!90°!(default)! 60°!x!60°!(large)! !Data!set!volume!rate!(vps)! 21!±!1! 30!±!3! <!0.001!Heart!rate!(bpm)! 65!±!14! 65!±!13! NS!Image!Quality! ! ! 0.01!!!!Good,!n!(%)! 30!(50)! 38!(64)! !!!!Fair,!n!(%)! 17!(29)! 20!(33)! !!!!Poor,!n!(%)! 13(21)! 6!(3)! !Rejected!segments!(%)! 0!(0)! 64!(6.3)! <!0.0001!
EndADiastolic!Volume!(ml)! 121!±!31!(range!52A197)! 127!±!35!(range!74A205)! NS!!
EndAsystolic!Volume!(ml)! 63!±!30!(range!22A161)! 63!±!32!(range!22A165)! NS!
Ejection!Fraction!(%)! 50!±!13!(range!17A65)! 53!±!13!(range!19A70)! NS!!However,! the! larger! volume! size! obtained! by! Artida! allowed! to! achieve! a! more!complete!visualization!of!LV!segments!using!multiAslice!display:!incomplete!visualization!(i.e.!1!to!3!missing!apical!segments)!was!28%!with!Vivid!E9!and!2%!with!Artida!(p<0.0001).!!
Table!6.2.!Echocardiographic!characteristics!of!study!patients.!
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All! segments! from! all! available! datasets! (100%)! were! analysed! with! the! 3D! WMT!software.!Conversely,!two!patients!with!more!than!three!LV!segments!rejected!by!automatic!tracking!using!4DAutoLVQ!software!by!EchoPac!were!excluded!because!inadequate!for!global!strain! determination.! SixtyAfour! LV! segments! (6.3%)! from! the! remaining! 58! patients! were!rejected!because!of!significant!drift!of!the!strain!traces.!!Inadequately!tracked!segments!were!more! likely! located! at! the! basal! level! of! the! LV!with! a! gradient! towards!midAventricle! and!apical!regions!(Figure!6.2).!
!!!!!!!
Figure!6.2.!Bull’s!eye!display!showing!the!location!of!the!left!ventricular!rejected!segments!by!the!EchoPAC!software.!!A!significantly!larger!number!of!patients!had!inadequately!tracked!segments!at!the!basal!LV!region,!with!a!basalAapical!gradient!(numbers!represent!patients).!!!
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The!entire!time!required!to!analyse!the!3D!datasets!and!obtain!the!final!results!was!not!statistically!different!between!the!two!platforms!(3!min!58!sec!±!36!sec!and!3!min!44!sec!±29!sec!for!Artida!and!Vivid!E9,!respectively;!p=!NS).!
6.3.2.(Observer(and(testIretest(variability(Reproducibility! of! the! strain!measurements! obtained!with! the! two! ultrasound! systems!are!summarized!in!Table!6.3.!Lε!and!Cε!were!found!to!be!comparably!and!highly!reproducible!with!both!vendors!(Table!6.3).!!
(n=20(pts)( Artida( Vivid(E9(
Intraobserver(Variability( Bias±CR! ICC! Bias±CR! ICC!Peak%Lε!(%)! 0.2!±"3.4! 0.95! 0.5#±#3.5! 0.94!Peak%Cε!(%)! 0.5!±"4.2#! 0.97! 0.5!±"2.2! 0.98!Peak%Rε!(%)! 0.5!±"15.6#! 0.56*! 1.4!±"7.5! 0.97!Peak%Aε!(%)! 0.6!±"3.8! 0.99! 0.6!±"3.4! 0.98!
Interobserver(Variability!Peak%Lε!(%)! 0.4$±$3.0! 0.91! 1.0!±"3.8! 0.89!Peak%Cε!(%)! 0.4$±$10.4#! 0.84! 1.1!±"3.9! 0.91!Peak%Rε!(%)! 4.8!±"22.2#! 0.44*! 3.6!±"8.0! 0.90!Peak%Aε!(%)! 0.3$±$10.8#! 0.92! 1.7!±"4.1! 0.96!
TestIretest!Variability!Peak%Lε!(%)! 0.6$±$5.4! 0.84! 0.5$±$3.7! 0.94!Peak%Cε!(%)! 0.2$±$9.6#! !!0.82^! 0.0#±#3.7! 0.95!Peak%Rε!(%)$! 1.5$±$14.8#! !!0.66*! 0.9$±$7.7! 0.96!Peak!Aε!(%)! 0.3$±$8.8#! 0.91! 0.5$±$4.1! 0.98!!*p<0.0001;!#p<0.001;!^p<0.05!for!comparisons!of!coefficients!of!repeatability!and!of!intraclass!correlations!!
Abbreviations:!Aε,!area!strain;!Cε,!circumferential!strain;! ICC,! intraAclass!correlation;!Lε,! longitudinal!strain;!Rε,!radial!strain.!Bias!represents!absolute!(i.e.!strainApercent)!values.!! !
Table!6.3.!Reproducibillity!of!3D!strain!measurements!obtained!with!Artida!and!Vivid!E9.!
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Among! all! strain! components,! Rε! was! the! least! reproducible! parameter! with! both!systems.!Overall,! reproducibility! of! the!different! strain! components!was! significantly! better!with!Vivid!E9!than!with!Artida!(Table!6.3).!!
6.3.3.(InterIvendor(variability(For! each! vendor,! there!was!no! significant! difference! between! global! peak! strain! values!and!global!strain!measured!at!endAsystole!(Table!6.4).!! !!
Global(ε((%)(n(=(58)! Artida( Vivid(E9( Bias( LOA( ICC(
Longitudinal!!!!!EndAsystolic!!!!!Peak!
!A13.5!±!4.5!A14.1!±!4.2!
!A14.6!±!4.7#!A15.2!±!4.8#!
!1.1!1.1!
!6.4!to!A4.2!6.4!to!A4.2!
!0.830!0.820!
Circumferential!!!!EndAsystolic!!!!Peak!
!A22.7!±!8.3!A22.8!±!8.3!
!A14.9!±!4.6*!A15.8!±!4.9*!
!A7.8!A7.0!
!2.7!to!A18.3!2.5!to!A16.4!
!0.683!0.750!
Radial!!!!EndAsystolic!!!!Peak!
!16.4!±!9.1!17.9!±!8.4!
!40.5!±!14.4*!42.1!±!15.1*!
!A24.1!A24.2!
!0.2!to!48.4!1.5!to!49.9!
!0.522!0.504!
Area(strain!!!EndAsystolic!!!Peak!
!A33.7!±!10.4!A33.8!±!10.4!
!A26.4!±!7.6*!A27.2!±!7.9*!
!A7.3!A6.6!
!3.1!to!A17.8!3.4!to!A16.6!
!0.830!0.848! ! !
Table!6.4.!Results!of!global!3D!strain!measurements!and!comparison!between!Artida!and!Vivid!E9!platforms.!!
*p<0.001!and!#p<0.01!!
Abbreviations:! ε,! strain;! ICC,! intraAclass! correlation;! LOA,! limits! of! agreement.! Bias! and! LOA!represent!absolute!(i.e.!strainApercent)!values.!!
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Artida! platform! produced! significantly! higher! absolute! values! of! both! Cε! and! Aε! than!Vivid! E9! (Table! 6.4).! Lε! and! Rε! obtained! with! Artida! were! significantly! lower! than! those!measured! using! Vivid! E9! platform! (Table! 6.4,! Figure! 6.3).! Among! the! various! strain!measurements,!Lε!showed!the!smallest!bias!and!the!narrowest!limits!of!agreement!between!the! two!platforms.!Conversely,!Rε!showed! the! largest!bias!and! the!widest! limits!of! limits!of!agreement!between!vendors,!as!well!as!the!poorest!correlation!among!all!strain!components!(Table!6.4).!!!
!
!
6.3.4.(Sources(of(interIvendor(inconsistency(Data!sets!obtained!from!22!patients!were!graded!as!“good!quality”!with!both!software!packages! and! underwent! a! subset! analysis! to! assess! interAvendor! consistency! of! 3D! strain!
Figure!6.3.!Comparison!of!longitudinal,!circumferential,!radial!and!area!strain!obtained!from!the!same!patient!using!Artida!(upper!panels)!and!Vivid!E9!(lower!panels).!Only!the!global!longitudinal!component!of!the!strain!was!comparable!between!the!two!platforms.!However,!looking!at!segmental!values,!also!the!longitudinal!component!of!the!strain!showed!significant!differences!between!the!two!platforms.!Notice!that!the!bull’s!eyes!in!the!lower!panels!are!rotated!clockwise!by!60°!and!the!segments!at!12!o’clock!represent!the!anterior!septum.!!!
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measurements!(Table!6.5).!Selecting!only! the!data!sets!with!good! image!quality! for!analysis!showed!a!trend!towards!an!improved!interAvendor!correlation!of!strain!measurements,!but!it!did! not! change! the!main! results! of! the! analysis! performed! on! the!whole! study! population.!Apart!Lε,!all!strain!components!differed!significantly!between!the!two!ultrasound!systems!and!the!extent!of!biases!and!limits!of!agreement!were!comparable!between!the!subset!of!patients!with!good!image!quality!and!the!whole!study!population.!!
Global(ε((%)((
(N(=(22)( Artida( Vivid(E9( Bias((
LOA( R(
Longitudinal(
((((EndIsystolic(
((((Peak(
!!A13.8!±!4.6!A14.1!±!4.5!
!!A14.9!±!4.7#!A15.6!±!4.9#!
!!1.0!1.5!
!!A3.1!to!5.2!A2.9to!5.9!
!!0.888*!0.886*!
Circumferential(
(((EndIsystolic(
(((Peak(
!!A22.8!±!8.7!A22.9!±!8.7!
!!A15.4!±!5.5*!A16.3!±!5.7*!
!!A7.4!A6.6!
!!A15.9!to!1.1!A14.1!to!0.9!
!!0.905*!0.938*!
Radial(
(((EndIsystolic(
(((Peak(
!!16.1!±!9.4!17.1!±!8.8!
!!42.2!±!15.8*!44.3!±!16.6*!
!!A26.0!A27.2!
!!1.1!to!53,2!0.6!to!54.9!
!!0.486#!0.518#!
Area(
((EndIsystolic(
((Peak(
!!A34.1!±!10.9!A34.2!±!10.9!
!!A27.1!±!8.2#!A28.2!±!8.6#!
!!A7.0!A6.0!
!!2.5!to!A16.6!2.5!to!A14.5!
!!0.905*!0.928*!
*p<0.001,#p<0.05.0
Abbreviations:0ε,!strain;!LOA,!limits!of!agreement.!Bias!and!LOA!represents!absolute!(i.e.!strainApercent)!values.!
Table!6.5.!Results!of!global!3D!strain!measurements!and!comparison!between!Artida!and!Vivid!E9!platforms!in!a!subset!of!22!patients!with!good!quality!3D!data!sets.!!
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To!assess!the!impact!of!temporal!resolution!on!3DSTE!deformation!measurements,!we!compared!3D!strain!measurements!obtained!from!Artida!data!sets!acquired!at!20!vps!(default!settings)!and!at!30!vps!(a!volume!rate!similar!to!the!one!reached!with!Vivid!E9).!All!4!strain!components!showed!no!significant!difference!in!their!values!between!data!sets!acquired!at!20!vps!and!those!acquired!at!30!vps!(Table!6.6).!!
3D(strain(parameter((N=14)( 30(vps( 20(vps( Bias(±(SD( ICC( tItest(Peak%Lε!(%)! A14.3%±"3.9! A12.9%±"3.4! 1.4$±"2.0! 0.852! 0.52!Peak%Cε!(%)! A22.5$±$5.5! A22.4$±$4.4! 0.1$±$2.7! 0.847! 0.796!Peak%Rε!(%)! 24.4$±$8.0! 21.2$±$4.4! A3.2$±$7.8! 0.246! 0.264!Peak%Aε!(%)! A33.8$±"7.2! A33.1$±$6.3! 0.7$±$3.1! 0.892! 0.423!
Abbreviations!as!in!Table!6.3.!Bias!represents!absolute!(i.e.!strainApercent)!values.!! When!a!vendorAindependent!software!was!used!to!assess!Lε!in!order!to!eliminate!the!potential! variability! due! to! vendorAspecific! analysis! softwares,! we! found! a! significant!difference!between!Lε!values!obtained!examining!the!data!set!acquired!using!Artida!and!Vivid!E9!(A14.3±5.3%!and!A12.9±4.3%,!respectively,!p=!0.0001,!bias=A1.4,!LOA=4.9±0.1%).!
When!the!same!vendorAindependent!TomTec!software!was!used!to!analyze!3D!LV!datasets!from!healthy!subjects,!LV!strain!parameters!were!significantly!different!then!those!when!obtained!by!vendorAspecific!(4D!AutoLVQ)!softwares!(Table!6.7).!The!vendorAspecific!software!measured!systematically!lower!values!of!strain!than!the!vendorAindependent!software,!with!3DLε!showing!the!smallest!interAvendor!variability!among!all!strain!parameters.!The!measurements!provided!by!the!two!software!packages!for!3DRε!were!not!on!
Table! 6.6.! Comparison! of! global! 3D! strain! measurements! (peak! systolic)! from! datasets!acquired!at!different!temporal!resolution!with!Artida.!!
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the!same!scale!(i.e.!median!53%!by!4D!AutoLVQ!versus!98%!by!4D!LV!function),!and!therefore!have!not!been!compared.!!
!Data!are!expressed!as!median!(1st,!3rd!quartiles).!Normal!limit!is!expressed!as!95th!percentile.!Abbreviations:!3D!strain!(4D!LV!function);!3DAε,!3D!area!strain!(4D!AutoLVQ);!3DCε,!circumferential!strain;!3DLε,!longitudinal!strain.!!All!comparisons!between!4D!AutoLVQ!and!4D!LV!function!are!significant!at!p<0.001.!
(
6.4.(((Discussion(! The! main! results! of! our! study! can! be! summarized! as! follows:! (i)! the! interAvendor!agreement! of! Rε,! Cε! and!Aε!measured!with!Artida! and!Vivid! E9!was! poor;! (ii)! only! Lε!was!comparable!between!the!two!vendors!and!also!with!values!obtained!with!TomTec®!software;!(iii)!the!intrinsic!variability!of!the!different!strain!components!obtained!with!the!two!systems!tested!was! relatively! low! (except! for! Rε),! but! varied! significantly! among! strain! parameters!and!between!the!two!vendors;!(iv)!increasing!data!set!temporal!resolution!from!20!vps!to!30!vps!and!image!quality!do!not!seem!to!impact!significantly!on!interAvendor!agreement!of!strain!
! ((((((All((n=218)((n=223)! (((((((((Women((n=125)((n=123)! Men((n=93)((n=100)!! ! 4D(AutoLVQ((((((
(GE)(
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Table 6.7. Reference values for left ventricular strain parameters by three-dimensional speckle-tracking: 
comparison between vendor-specific and vendor-independent softwares.!
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measurements;!and!(v)!the!use!of!a!vendorAindependent!analysis!software!did!not!solve!the!inconsistency!of!3D!strain!measurements!in!both!normal!and!abnormal!LVs.!The!development!of!the!3DSTE!technique!allows!to!detect!in!a!fast!and!comprehensive!manner!all!the!components!(vectorial!and!rotational)!of!the!myocardial!deformation,!without!the! intrinsic! limitations! of! previous! technologies! based! on! tissue! velocity! imaging! or! twoAdimensional! ST! (57,! 70).! However,! since! an! accurate! and! reproducible! assessment! of! LV!myocardial! function! is! pivotal! for! both! clinical! and! research! purposes,! 3D! used! for!quantitation!of!myocardial!deformation!should!be!evaluated!as!rigorously!as!any!therapeutic!intervention! before! starting! its! systematic! application! in! everyday! clinical! practice! (2).! For!these! reasons,! along! with! the! accuracy! that! should! be! determined! by! comparing!measurements! with! those! performed! with! a! reference! technique,! reproducibility!(represented!by!the!reciprocal!of!the!variability!of!measurements!made!by!a!single!observer!in!different!occasions!A! intraAobserver!variability!A!or!by!different!observers!A! interAobserver!variability)!and!repeatability!(the!reciprocal!of!variability!of!measurements!made!on!the!same!patients,! in! the!same!conditions! in! two!different!occasions!–! testAretest!variability,!or!made!using!different!systems!and!analysis!softwares!A!interAvendor!variability)!are!crucial!factors!in!determining!the!clinical!relevance!and!reliability!of!any!diagnostic!technique.!To! our! knowledge,! this! is! the! first! study! comparing! intervendor! consistency! and!intrinsic! variability! of! 3D! strain! measurements! obtained! with! two! commercially! available!echocardiographic!platforms!in!patients!with!a!wide!range!of!LV!size!and!function.!Gayat!et!al.!(71)!compared!strain!values!measured!on!data!sets!acquired!from!30!subjects!with!normal!LV!function! using! Artida! and! iE33! (Philips! Healthcare,! Andover,! Massachusetts,! USA)! and!analyzed!them!using!3DWMT!and!4D!LV!function!software!packages.!They!found!that! interAtechnique!agreement!was!poor!(it!improved!when!data!sets!acquired!with!different!platforms!were! analyzed! using! a! vendorAindependent! software! A! i.e.! 4D! LV! function),! and! that! the!
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discordance! level! was! beyond! the! intrinsic! measurement! variability! of! any! of! the! tested!combinations!of!software!and!hardware.!However,! they!analyzed!only!subjects!with!normal!LV!function!and!measured!only!longitudinal!and!circumferential!components!of!strain.!Finally,!they!did!not!assess!an!important!parameter!to!consider!when!a!technique!has!to!be!used!to!follow!patients,!which!is!the!testAretest!variability!of!measurements.!In! our! study! population,! 3DSTE! was! reasonably! feasible! and! measurements! were!reproducible!(except!for!Rε,!Table!6.3)!with!both!echocardiographic!platforms.!However,!our!data!show!that,!among!the!various!strain!components,!only!the!Lε!(despite!being!significantly!different!between!the!two!systems)!was!at!some!extent!comparable!between!Artida!and!Vivid!E9.! Cε! and!Aε! showed!mean!differences!between! the! two!platforms! around!30%!and!23%,!respectively.!Rε!values!obtained!with!Artida!and!Vivid!E9!were!so!different!(absolute!values!of!17%! vs.! 44%,! respectively),! that! it! seems! as! if! they! were! measured! with! different! scales.!However,! Rε! obtained!with! the! two! systems! used! in! our! study! seems! to!measure! different!entities,!since!intraclass!correlation!between!Rε!measured!with!Artida!and!Vivid!E9!was!only!moderate.!This!is!mainly!due!to!the!different!ways!used!by!the!two!platforms!to!compute!Rε.!Rε!by!3DWMT! is! estimated!by!both! endocardial! and! epicardial! speckle! tracking,! so! that!Rε!measurements!are!highly!dependent!on!image!quality!compared!with!those!of!the!Lε!and!Cε!components,!which!are!estimated!only!by!endocardial!speckle!data!(50).!This!translates!in!a!lower!accuracy!and!reproducibility!of!Rε!with!this!platform!in!comparison!with!Cε!and!Lε!(7,!50),!consistent!with!our!data.!Conversely,!EchoPAC!does!not!actually!measure! the!Rε,!but! it!estimates!it!from!Aε,!assuming!that!each!LV!segment!maintains!a!constant!volume!throughout!cardiac! cycle.! This! explains! the! high! reproducibility! and! repeatability! of! Rε! calculations!obtained!with!EchoPAC.!
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Noticeably,! the! interAvendor! biases! for! all! strain! measurements! were! significantly!larger! than! the! intrinsic! technique!variability!of!each!ultrasound!system,!as!detected!by! the!reproducibility!and!repeatability!analyses.!Trying! to! find! out! whether! any! technical! reason! could! explain! such! different!measurements,!we! found! that! neither! temporal! resolution! (at! least! in! the! range! of! volume!rates! tested! in! our! study,! i.e.! from! 20! vps! to! 30! vps),! nor! image! quality! have! a! significant!impact!on! the!different!measurements!obtained! from! the! two! tested!platforms.!However,! it!should!be!acknowledged!that!data!sets!with!poor!image!quality!were!excluded!from!our!study!and! that,! given! the! high! intrinsic! variability! of! 3D! strain! estimates,! the! impact! of! the!remaining!range!of!image!quality!could!have!been!too!small!to!be!detected!with!the!size!of!our!study!population.!Moreover,!Cε!and!Aε!by!Artida!showed!significantly!higher!amplitudes!than!those!obtained!by!VividE9,!while!Rε!by!Artida!was!significantly!lower!than!the!one!obtained!by!VividE9.!Even!if!some!differences!can!be!explained!by!the!fact!that!3D!WMT!tracks!mainly!speckles! located! in! the! endocardial! layer! and! global! strains! are! calculated! as!mathematical!averages! of! all! segmental! values,! while! EchoPAC! tracks! speckles! across! the! whole! wall!thickness!and!global!strains!are!calculated!as!weighted!spatial!averaging!of!segmental!values,!these!seem!to!be!only!part!of!the!problem.!!
On!the!other!hand,!this!is!confirmed!by!the!fact!that!Lε!measurements!provided!by!the!two!vendors!are!quite!close.!However,!we!have!found!that!two!data!sets!acquired!in!the!same!patients!during!the!same!echocardiographic!study!by!Artida!and!Vivid!E9!and!analyzed!using!a!single!vendorAindependent!software!(i.e.!4D!LV!function)!provide!Lε!measurements!which!are!discordant!beyond!the!intrinsic!variability!of!the!respective!ultrasound!systems.!This!is!likely!linked!to!the!3D!dataset!characteristics,!which!differ!from!vendor!to!vendor.!The!ability!of!a!given!software!package!to!accurately!track!wall!motion!may!be!affected!by!these!3D!dataset!characteristics.!Our!study!in!healthy!volunteers!showed!that!specific!reference!ranges!
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should!be!used!when!interpreting!3D!strain!values!obtained!by!various!3DSTE!systems!and!software!packages.((
Our!study!confirms!previous!reports!that!the!3DSTE!software!used!for!myocardial!deformation!analysis!may!induce!per0se0a!major!variability!in!the!measurements!(59,!71).!We!have!provided!the!normality!values!and!limits!of!normality!of!the!various!3D!strain!components!both!for!the!vendorAspecific,!as!well!as!for!the!vendorAindependent!3DSTE!softwares,!the!latter!being!useful!in!a!multiAvendor!setting!to!standardize!the!LV!3DSTE!analysis!on!datasets!acquired!by!different!3DE!scanners.!!
Study0 limitations.0 First,! our! study! population! was! relatively! limited.! However,! we!enrolled!a!twoAfold!higher!number!of!patients!than!in!similar!papers!addressing!the!issue!of!interAvendor!consistency!of!strain!measurements!(64,!71),!and!differently!from!the!previous!studies!we!included!patients!with!impaired!LV!function.!!Second,!dataset!temporal!resolution!and!volume!size!differed!significantly!between! the! tested!ultrasound!systems.!However,!we!used! standard! machine! settings! on! purpose! in! order! to! assess! interAvendor! agreement! of!measurements!performed!with!the!systems!settings!used!in!the!clinical!routine.!Moreover,!we!have! also! shown! that! strain!measurements! obtained!with! Artida! at! standard! settings!were!similar! to! those!obtained!at!higher!volume!rates!which!were!similar! to! those!obtained!with!Vivid! E9.! Third,! image! quality! was! judged! visually! and! not! assessed! on! an! objective! scale.!Thus,! the! scoring! of! the! datasets! in! term! of! image! quality! might! have! been! inaccurate.!However,!we!are!not!aware!of!any!accepted!objective!grading!system!for!quality!of!3D!images.0
Conclusions.(Since!peak!strain!values!obtained!from!different!ultrasound!systems!are!not! comparable,! clinicians! willing! to! translate! 3DSTE! data! from! the! literature! into! clinical!decision!making!should!take!into!account!the!specific!system!used!in!their!echocardiographic!laboratory! and! reference! values! of! the! strain! components! should! be! developed! for! each!ultrasound!system.!Moreover,!clinicians!who!want!to!use!myocardial!deformation!parameters!
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in! longitudinal! studies! should! ensure! that! baseline! and! followAup! acquisitions! are! obtained!using! the! same! platform.! ! Since! these! are! major! limitations! to! the! implementation! of!myocardial!deformation!parameters!in!the!clinical!practice!and!to!the!spread!of!the!technique!across!echocardiographic!laboratories,!manufacturers!are!urged!to!take!initiatives!in!order!to!overcome!those!variations!and!provide!a!common!standard!of!twoAdimensional!and!3D!strain!measurement!across!vendors.!!! !
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Chapter(7.(Normative(Values(of(LV(Myocardial(Strain(
Measurements(Using(3D(SpeckleITracking(Echocardiography!
(
7.1.(Introduction.(Deformation! imaging! by! 3D! speckleAtracking! (3DSTE)! has! emerged! as! a! promising!quantitative! tool! for! left! ventricular! (LV)!myocardial! function! analysis,! allowing! a! fast! and!comprehensive!evaluation!of! all! LV! segments! from!a! single!3D!dataset.!Despite! researchers!are! increasingly! employing! 3DSTE! to! study! various! pathologic! conditions! (27),! the! normal!pattern! of! LV! myocardial! deformation! in! healthy! adults,! as! characterized! by! 3DSTE,! and!possible!influence!of!various!factors!(e.g.!demographic,!hemodynamic,!cardiac!or!technical)!on!LV!3D!strain!values!remain!unknown.!!As!described!in!the!previous!chapter,!a!major!issue!of!3DSTE!strain!is!the!large!interAvendor! variability! of! LV! myocardial! deformation! parameters! among! the! various!commerciallyAavailable! software! packages! (59,! 71),! which! adversely! affects! their!implementation!in!the!clinical!routine.!Therefore,! the!definition!of!specific!normative!values!for! each! of! the! available! 3DSTE! softwares! becomes! crucial! for! a! reliable! application! and!interpretation!of!3D!strain! in! research,!as!well!as! in! the!clinical!arena.!So! far,!no!study!was!specifically!aimed!to!establish!the!normative!data!of!LV!3D!strain!parameters,!nor!to!identify!factors!that!contribute!to!their!variation!in!healthy!subjects.!Accordingly,!this!prospective!study!was!designed!to:!1)! identify! the! normative! values! for! LV! myocardial! 3D! strain! parameters! using! a!commercially!available!3DSTE!platform;!2)!analyze!the!relationship!of!LV!3D!strain!parameters!with!demographic,!hemodynamic,!cardiac!and!technical!factors;!
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3)! compare! reference! values! of! LV! strain! obtained! by! a! vendorAspecific! 3DSTE! software!with!those!measured!by!both!2DSTE!and!a!vendorAindependent!3DSTE!software!in!the!same!population.!
7.2.(Methods(
Study(population.!The!criteria!of!enrolment!in!the!normative!study!cohort!is!summarized!in!Figure!7.1.!!
!! !Figure!7.1.!Flowchart!showing!the!enrolment!of!healthy!subjects!in!the!present!study.!
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Echocardiographic!datasets(were!obtained!using!Vivid!E9!(GE!Vingmed!Ultrasound,!Norway)!equipped!with!M5S!and!4V!probes!for!2D!and!3D!acquisitions,!respectively.!Acquisition!protocol!included!dedicated!2D!datasets!for!measuring!the!LV!myocardial!strain!parameters!by!2DSTE!(3)!using!QAAnalysis!package!(EchoPac!BT12,!GE!Vingmed!Ultrasound,!Norway).!Peak!global!2D!circumferential!(2DCε)!and!radial!(2DRε)!strain!were!measured!from!the!parasternal!shortAaxis!view!at!the!midpapillary!muscle!level,!while!peak!global!2D!longitudinal!(2DLε)!strain!was!computed!from!the!three!apical!LV!views!(72).!When!more!than!two!LV!segments!were!inadequately!tracked!in!one!view,!global!strain!parameters!by!2DSTE!were!not!computed.!A!detailed!description!of!3D!datasets!acquisition!protocol!and!of!3DSTE!analysis!applied!in!this!study!has!been!presented!in!Chapter!5.!3D!LV!full!volume!datasets!were!acquired!in!all!subjects,!taking!care!to!avoid!any!artifacts!and!to!include!all!LV!segments!in!the!dataset.!The!image!quality!of!3D!datasets!was!judged!subjectively,!considering!the!signalAtoAnoise!ratio,!the!bloodAtissue!contrast!and!the!completeness!of!LV!wall!visualization,!and!was!cathegorized!as!either!optimal!or!suboptimal.!3D!datasets!were!analysed!offline!with!4D!AutoLVQ!(EchoPac!BT12!and!13,!GE!Vingmed!Ultrasound,!Norway)!by!a!single!experienced!researcher!(63).!3D!LV!volumes,!ejection!fraction,!sphericity!and!mass!in!this!healthy!cohort!have!been!reported!in!a!separate!publication!(73).!For!3DSTE!analysis,!the!region!of!interest!(ROI)!was!set!across!the!entire!LV!wall.!The!quality!of!segmental!tracking!was!validated!by!the!software,!as!well!as!by!the!operator!(Figure!7.2).!When!more!than!three!LV!segments!were!inadequately!tracked,!the!global!strain!values!were!not!computed.!The!software!provided!four!strain!components:!!longitudinal!(3DLε),!circumferential!(3DCε),!radial!(3DRε)!and!area!strain!(3DAε).!! !
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!
Statistical0analysis.!Normal!distribution!of!variables!and!uniform!distribution!of!subjects!per!age!decade!were!assessed!using!the!Kolmogorov!–!Smirnov!test.!Continuous!variables!were!summarized!as!mean!+!SD!or!as!median!(first,!third!quartiles)!when!reporting!reference!ranges,!while!scalar!variables!were!reported!as!percentages.!The!upper!or!lower!limits!of!each!strain!parameter!were!defined!as!the!95th!or,!where!appropriate,!5th!percentile,!respectively.!Differences!between!values!in!men!and!women!were!assessed!using!the!unpaired!tAtest!for!normally!distributed!variables,!or!the!Mann–Whitney!UAtest!otherwise.!LV!strain!values!obtained!with!the!two!softwares!from!the!same!subject!were!compared!using!the!paired!Student’s!tAtest.!Pearson’s!correlation!was!used!to!analyse!the!relationships!between!strain!parameters!and!demographic,!cardiac!and!technical!variables.!A!stepwise!multivariable!linear!regression!analysis!was!used!to!assess!the!association!of!each!3D!strain!parameter!with!the!following!covariates:!age,!gender,!weight,!height,!systolic!blood!pressure,!temporal!resolution!and!image!quality!(having!p<0.10!in!individual!models).!The!association!of!echocardiographic!LV!parameters!(LV!3D!volumes!and!mass)!with!3D!strain!indices!was!also!tested!in!models!
Figure!7.2.!Different(examples(of(poor( tracking( in(basal( segments.!These!examples!illustrate!the!validation!of!3D!strain!analysis!based!on!several! indicators!of! tracking!quality.( In!A!and!D,! the!basal!segments!corresponding!to!the!curves!highlighted!in!yellow!have!been!automatically!excluded!by!the!software!due! to!excessive!drift.! ! Examples!B!and!C! show!other! cases! in!which! the!automated! driftAbased! validation!may! fail! to! detect! poor! tracking,! and!where! user’s! input! is! necessary! to!manually!exclude!the!respective!segments.!!!
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adjusting!for!age,!gender,!image!quality!and!temporal!resolution.!All!analyses!were!performed!using!SPSS!21.0!(SPSS!Inc,!Chicago,!IL,!USA).!Differences!among!variables!were!considered!significant!at!p<0.05.!
7.3.(Results.(
The!final!study!population!comprised!218!subjects!(Figure!7.1),!whose!characteristics!are!presented!in!Table!7.1.!
!!!!! !! All((n=218)! Women((n=125)! Men((n=93)! pIvalue*(Age!(years)! 44±14! 44±14! 44±14! 0.87!Height!(cm)! 170±9! 165±7! 177±7! <0.001!Weight!(kg)! 68±11! 61±8! 76±9! <0.001!Body!mass!index!(kg/m2)! 23.3±3.0! 22.5±2.9! 24.2±2.9! <0.001!Body!surface!area!(m2)! 1.78±0.18! 1.66±0.12! 1.93±0.13! <0.001!Systolic!blood!pressure!(mmHg)! 122±15! 117±14! 128±13! <0.001!Diastolic!blood!pressure!(mmHg)! 73±8! 71±8! 76±7! <0.001!Heart!rate!(bpm)! 67±10! 67±10! 67±11! 0.34!LV!endAdiastolic!volume!(ml/m2)! 59±10! 56±8! 63±11! <0.001!LV!endAsystolic!volume!(ml/m2)! 22±5! 20±4! 24±5! <0.001!LV!stroke!volume!(ml/m2)! 37±6! 36±6! 39±7! 0.001!LV!ejection!fraction!(%)! 63±4! 65±4! 62±4! <0.001!LV!mass!(g/m2)! 75±9! 74±8! 77±10! 0.005!
Table!7.1.!Clinical!and!demographic!characteristics!of!the!study!population.!
Data!are!expressed!as!mean!±!standard!deviation.!*Women!vs.!Men!comparison!Abbreviations:!bpm,!beats!per!minute;!LV,!left!ventricular.!!
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The!age!of!subjects!ranged!between!18!and!76!years,!and!at!least!37!subjects!per!age!decade!were!included!in!the!study!(mean!47±9!subjects/age!decade).!Women!were!slightly!prevalent!(57%).!Male!gender!was!associated!with!higher!blood!pressure,!larger!body!size,!LV!volumes!and!mass,!and!lower!ejection!fraction!than!women!(Table!7.1).!Temporal!resolution!of!3D!datasets!was!35±7!(range!27A67)!volumes/sec,!while!for!2D!datasets,!it!was!73±5!(range!54A80)!frames/sec.!Image!quality!was!scored!as!optimal!in!74%,!and!suboptimal!in!26%!of!subjects.!There!were!43%!of!3D!datasets!having!1A2!LV!segments!incompletely!visualized!throughout!the!cardiac!cycle,!90%!of!them!being!in!the!apical!region.!Overall!feasibility!of!global!3DSTE!analysis!by!4D!AutoLVQ!was!89%.!Feasibility!of!segmental!3DSTE!analysis!is!presented!in!Figure!7.3.!A!large!interAsegment!variability!in!tracking!quality!can!be!observed,!ranging!from!100%!at!midAventricular!level!to!46%!at!basal!inferoAlateral!level.!
! !Figure!7.3.!Feasibility!of!3D!speckleAtracking!analysis!in!healthy!subjects.!Segmental!feasibility!is! presented! separately! for! each! of! the! 17! segments! and! calculated! as! the! percentage! of!segments! included! in! the! final! analysis! after! rejecting! those! with! inadequate! tracking! or!incomplete!visualisation.!Segments!excluded! from!global!3D!strain! computation! in!more! than!25%!of!datasets!are!highlighted!in!red.!!
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7.3.1.(Reference(values(of(LV(3D(strain(parameters.(Reference!values!(limits!of!normality)!for!myocardial!deformation!by!3DSTE!were:!A19%!(A15%)!for!3DLε!and!3DCε,!A33%!(A28%)!for!3DAε!and!53%!(40%)!for!3DRε!(Table!7.21).!!
!Normal!range!is!reported!as!median!(1stA3rd!quartiles),!followed!by!the!reference!limit!as!95th!percentile!(or!5th!percentile!where!appropriate*).!†comparison!between!Women!and!Men.!Abbreviations:!3DAε,!area!strain;!3DCε,!circumferential!strain;!3DLε,!longitudinal!strain;!3DRε,!radial!strain;!seg,!segments.!! !
  All         Women    Men p-value† 
  Normal  
Range 
Limits of 
normality 
Normal  
Range 
Limits of 
normality 
Normal  
Range 
Limits of 
normality 
 
3DLε (%) All (n=218) -19 (-21, -17) -15 -20 (-21,-18) -16 -18 (-20, -17) -15 <0.001 
 18-29 y (n=38) -20 (-21, -19) -17 -20 (-21, -19) -17 -20 (-21, -19) -17 0.486 
 30-39 y (n=46) -19 (-21, -18) -16 -20 (-21, -19) -17 -18 (-20, -17) -16 0.019 
 40-49 y (n=57) -19 (-22, -18) -15 -21 (-22, -18) -15 -18 (-20, -17) -14 0.005 
 50-59 y (n=34) -18 (-21, -16) -15 -20 (-20, -17) -15 -18 (-19, -16) -14 0.002 
 ≥60 y (n=43) -18 (-20, -17) -14 -19 (-20, -17) -15 -17 (-19, -16) -14 0.013 
3DCε (%) All (n=218) -19 (-21, -17) -15 -19 (-21, -17) -15 -19 (-21, -17) -15 0.805 
 18-29 y (n=38) -18 (-19, -16) -15 -18 (-19, -16) -14 -18 (-20, -16) -14 0.179 
 30-39 y (n=46) -18 (-20, -17) -14 -18 (-19, -16) -14 -18 (-20, -17) -15 0.047 
 40-49 y (n=57) -19 (-21, -17) -15 -20 (-21, -18) -15 -19 (-21, -16) -15 0.329 
 50-59 y (n=34) -19 (-21, -16) -15 -20 (-22, -16) -15 -19 (-20, -16) -15 0.409 
 ≥60 y (n=43) -20 (-22, -19) -16 -20 (-22, -19) -16 -20 (-22, -19) -16 0.661 
3DRε (%) All (n=218) 53 (48-59) 40* 54 (49, 60) 40* 52 (48, 59) 39* 0.015 
 18-29 y (n=38) 54 (49, 58) 41* 53 (48, 57) 40* 55 (50, 60) 42* 0.217 
 30-39 y (n=46) 52 (48, 57) 40* 52 (49, 57) 39* 50 (47, 57) 40* 0.783 
 40-49 y (n=57) 54 (48, 62) 41* 58 (50, 65) 45* 52 (46, 60) 39* 0.024 
 50-59 y (n=34) 52 (47, 60) 40* 56 (48, 63) 40* 50 (46, 59) 38* 0.023 
 ≥60 y (n=43) 54 (49, 59) 40* 57 (49, 60) 44* 53 (49, 60) 38* 0.054 
3DAε (%) All (n=218) -33 (-36, -31) -28 -34 (-32, -36) -28 -33 (-35, -31) -26 0.005 
 18-29 y (n=38) -34 (-35, -32) -28 -34 (-35, -31) -28 -34 (-36, -32) -28 0.270 
 30-39 y (n=46) -33 (-35, -31) -28 -33 (-35, -31) -28 -32 (-35, -31) -28 0.925 
 40-49 y (n=57) -35 (-37, -31) -28 -36 (-38, -32) -30 -33 (-36, -31) -25 0.007 
 50-59 y (n=34) -33 (-37, -29) -26 -35 (-37, -31) -27 -31 (-33, -28) -25 0.006 
 ≥60 y (n=43) -34 (-36, -32) -28 -35 (-36, -32) -28 -33 (-36, -31) -25 0.155 
Table!7.2.!Reference!ranges!of!left!ventricular!global!strain!parameters!by!age!and!gender!obtained!by!threeAdimensional!speckleAtracking!echocardiography!(4D!AutoLVQ!software)!in!the!study!population.!!
1Reference0ranges0in0Tables07.20and07.30present0strain0parameters0as0negative0numbers,0excepting03DRε.0Elsewhere,0to0
avoid0any0 confusion0 related0 to0arithmetic0versus0physiologic0 lower0 values,0all0 LV0strain0parameters0were0 expressed0
and0interpreted0as0absolute0values0(i.e.0negative0strain0values0were0also0judged0as0positive).0In0this0paper,0lower0strain0
values0stand0for0worse0deformation,0and0higher0strain0values0stand0for0better0deformation.0!
!! 76!
Overall,!men!had!slightly!lower!3DLε,!3DRε!and!3DAε!values!than!women,!even!if!this!effect!was!not!evident!in!all!age!groups.!Conversely,!we!found!no!effect!of!gender!on!3DCε.!(Significant!regional!and!segmental!differences!were!found!for!3D!strain!values!(Table!7.2,! Figure! 7.4).! Basal! segments! displayed! the! lowest! strain! values,! while! midventricular!segments!had!the!largest!strain!values.!Individual!segment!analysis!showed!high!variability!of!3D!strain!measurements!in!neighbouring!segments!(Table!7.3,!Figure!7.4).!The!apical!cap!had!the!smallest!deformation!among!all!LV!segments,!and!its!inclusion!significantly!reduced!apical!regional!strain.!!
!!!!!!
Figure! 7.4.! Bar! plots! showing! segmental! left! ventricular! strain! values! by! 3D! speckleAtracking.!Among!all!strain!parameters,!3D!longitudinal!strain!had!the! lowest! interAsegment!variability!(in!basal!and!mid!regions).!However,!there!was!a!significant!variability!of!average!segmental!strain,!particularly! for!3D!circumferential!and!radial!strain,!as!well!as! for!all!apical!regions.!Error! lines!show! that!3D!strain!measurements!per!each! segment!have! a!quite! large!dispersion!around! the!median.!!
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!
!
Apical!4!seg!was!obtained!by!averaging!4!apical!segments!(excluding!apical!cap!or!17th!segment),!while!Apical!5!seg!includes!the!apical!cap.!Abbreviations:!IQR,!interquartile!range.!Other!abbreviations!as!in!Table!7.2.!*p<0.01!for!Mid!6!seg!vs!Basal!6!seg,!Apical!4!seg!vs!Mid!6!seg,!!Apical!5!seg!vs!Apical!4!seg;!†p<0.01!for!Apical!4!seg!vs!Mid!6!seg!and!Apical!5!seg!vs!Mid!6!seg;!‡p=0.03!for!Apical!4!seg!vs!Mid!6!seg.!!!!
7.3.2.(Relationship(with(clinical,(haemodynamic(and(technical(factors.(At!bivariate!analysis,!age,!gender!and!body!size!(r=0.3,!p≤0.001!for!all),!but!also!systolic!blood!pressure!(r=0.13,!p=0.05),!dataset!image!quality!(r=0.19,!p=0.005)!and!temporal!resolution!(r=0.20,!p=0.003)!showed!significant!correlations!with!3DLε.(The!other!3D!strain!parameters!had!comparable!relationship!with!the!above!factors.!Conversely,!heart!rate!did!not!correlate!with!3D!strain!parameters!(p>0.5!for!all).!(
! 3DLε((%)! 3DCε((%)! 3DRε((%)! 3DAε((%)!Median!(1st,!3rd!quartiles)! IQR! Median!(1st,!3rd!quartiles)! IQR! Median!(1st,!3rd!quartiles)! IQR! Median!(1st,!3rd!quartiles)! IQR!
Global! I19.0(
(I21.0,(I17.0)! 4.0( I19.0((I21.0,(I17.0)! 4.0( 53.0((48.0,(59.0)! 11( I33.0((I36.0,(I31.0)! 5(Basal!6!seg! A17.5!(A20.0,!A15.0)! 5.0! A17.5!(A19.5,!A15.6)! 3.9! 46.0!(40.5,!51.0)! 10.5! A31.0!(A33.9,!A28.5)! 5.4!Mid!6!seg! A20.5!(A22.5,!A18.0)*! 4.5! A19.0!(A21.5,!A17.0)*! 4.5! 55.5!(49.0,!63.5)*! 14.5! A35.0!(A38.0,!A32.5)*! 5.5!Apical!4!seg! A20.0!(A21.5,!A18)*†! 3.5! A18.5!(A21.0,!A15.5)*†! 5.5! 55.0!(46.0,!62.5)*‡! 16.5! A34.5!(A37.0,!A30.5)*†! 6.5!Apical!5!seg! A18.5!(A21.0,!A16.0)*†! 5.0! A18.0!(A20.0,!A14.0)*†! 6.0! 52.0!(42.0,!60.0)*†! 18.0! A32.0!(A35.5,!A28.0)*†! 7.5!
Table!7.3.!Regional!differences!of!left!ventricular!strain!parameters!obtained!by!threeAdimensional!speckleAtracking!(4D!AutoLVQ!software)!in!the!study!population.!
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Figure! 7.5! illustrates! the! opposite! effects! of! ageing! on! the! global! 3DLε! and! 3DCε.!Despite! there!was! a! large! overlap! of! strain!measurements! among! decades,! the!median! of!global! 3DLε! showed! a! significant! decrease! with! aging,! while! global! 3DCε! progressively!increased!with! age.! The!3DLε/3DCε! ratio!was! approximately! 1! around!middle! age! (40A60!years,!Figure!7.5)!and!was!inversely!correlated!with!age!(r=A0.5,!p<0.0001),!this!relationship!being! closer! than! with! either! of! 3DLε! or! 3DCε! alone! (r=A0.4! and! r=0.3,! respectively,!p<0.001).!!
!
!In! Table! 7.4,! the! independent! correlates! of! global! 3D! strain! parameters! are!summarized.!Several!demographic,!haemodynamic,!cardiac!and!technical!factors!influenced!3D! strain! measurements,! accounting! for! a! modest! percentage! of! the! variability! of! strain!measures:!22%!for!3DLε,!14%!for!3DCε,!9%!for!3DRε!and!13%!for!3DAε!(based!on!estimates!of! the! adjusted! R2! calculated! for! each! model).! The! inclusion! of! technical! factors! (dataset!image! quality! and! temporal! resolution)! improved! the! overall! variance! of! 3DSTE! analysis,!
Figure! 7.5.! Graph! illustrating! the! trends! in! 3D! longitudinal! strain! and! circumferential! strain! changes!across!age!groups!in!healthy!subjects.!Left!graph!shows!that!global!3D!longitudinal!strain!progressively!decreased,!while!3D!circumferential!strain!increased!with!ageing!(colored!boxes!represent!the!medians!of!global!strain!measurements!by!age!decade).!Right!graph!shows!that!the!ratio!between!3D!longitudinal!and!circumferential!strain!typically!was!>1!in!young,!while!elderly!were!likely!to!have!a!ratio!<1.!!!
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and!the!image!quality!of!3D!datasets!was!the!only!covariate!independently!associated!with!all!3D!strain!measurements!(Table!7.4).!The!3DLε/3DCε!index!was!no!longer!influenced!by!image! quality!when! it!was! included! as! dependent! variable! in! the! linear! regression!model!from!Table!7.4.!!!
!
!Abbreviations:!SBP,!systolic!blood!pressure.!Other!abbreviations!as!in!Table!7.2.!!!! !!
( (
! 3DLε( ( 3DCε( ( 3DRε( ( 3DAε(! β0 p0 0 β0 p0 β0 p0 0 β0 p0
Age( A0.25! <0.001! ! 0.29! <0.001! A0.01! 0.85! A0.02! 0.82!
Gender( A0.31! <0.001! ! A0.25! 0.80! 0.08! 0.34! A0.09! 0.29!
Height( A0.13! 0.13! ! A0.05! 0.47! A0.17! 0.011! 0.19! 0.003!
Weight( A0.07! 0.42! ! 0.02! 0.74! A0.02! 0.79! 0.06! 0.53!
SBP( 0.09! 0.13! ! 0.05!0.01! !!!!!!0.48! 0.01! !!!!!!0.81! 0.01! 0.83! !Temporal(
resolution(
(
A0.18! 0.003! ! A0.08! !!!!!!0.23! A0.13! !!!!!!0.04! A0.16! 0.015! !
Image(quality( 0.18! 0.004! ! 0.24! <0.001! 0.24! <0.001! !!!!!0.30! ! <0.001!
Table!7.4.!Independent!correlates!of!3D!longitudinal!strain!(modelAadjusted!R2=0.22),!3D!circumferential!strain!(modelAadjusted!R2=0.14),!3D!radial!strain!(modelAadjusted!R2=0.09)!and!3D!area!strain!(modelAadjusted!R2=0.13).!
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7.3.3.( Relationship( with( LV( echocardiographic( parameters.( LV! volumes! were!independently! associated! with! 3DCε,! 3DRε! and! 3DAε! (accounting! for! 5A12%! of! their!individual!variance,!p<0.04!for!all).!LV!mass!was!inversely!correlated!with!3DLε,!3DRε!and!3DAε!(explaining!3%!of!their!individual!variance,!p=0.01!for!both),!even!after!adjusting!for!the!effect!of!age!and!systolic!blood!pressure.!(
7.3.4.(Comparison(with(LV(strain(by(2DSTE.(Feasibility!of!global!2DLε!was!higher!than!of!global! 3DLε! (95%!vs! 89%,! p=0.03),!while! the! feasibilities! of! 2DSTE! and!3DSTE! for! global!2DCε!and!2DRε!analysis!were!similar!(92%!vs!89%,!p=0.34).!Reference!ranges!of(LV!strain!by!3DSTE![median!%!(1stA3rd!quartiles)]!were!significantly!different!than!those!by!2DSTE!for!all!strain!parameters.!Specifically,!3DLε!was!lower!than!2DLε,!and!3DCε!was!lower!than!2DCε:! 19%! (18A21)! vs! 21%! (20A23),! and! 19%! (17A21)! vs! 22%! (20A24),! respectively!(p<0.001!for!both).!Conversely,!3DRε!was!higher!than!2DRε:!54%!(48A60)!vs!39%!(31A46)!(p<0.001).!Age!and!gender!had!a!significant!effect!on!2DLε,!however! this!relationship!was!weaker!than!for!3DLε!(modelAadjusted!R2=0.13!for!2DLε!versus!modelAadjusted!R2=0.16!for!3DLε).!No!independent!relationships!with!age!were!identified!for!2DCε!and!2DRε.!
7.4.(Discussion.((
This!is!the!first!prospective!study!specifically!designed!to!establish!normative!values!of!global!LV!myocardial!strain!by!3DSTE.!The!main!findings!of!this!study!can!be!summarized!as!follows:!1.!Ageing!had!a!significant!effect!on!global!3DLε!and!3DCε;!2.!Women!had!higher!values!of!3D!strain!than!men,!except!for!3DCε;!3.!Accordingly,!reference!values!and!limits!of!normality! for!global!3DSTE!strain!parameters!were! reported!by!age!and!gender;!4.! Image!quality!and! temporal! resolution!had!a! significant! influence!on!LV!strain!measurements!by!3DSTE,! independently!of! clinical! and!hemodynamic!variables;!5.! Limits!of!normality!of!LV!strain! obtained! using! vendorAspecific! 3DSTE! should! not! be! used! interchangeably! neither!
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with! those! obtained! by! 2DSTE! from! the! same! vendor,! or! by! vendorAindependent! 3DSTE!software!packages.!!!
Technical0considerations.(The!advent!of!3DSTE!has!enabled!the!quantitative!assessment!of!LV!myocardial!mechanics!from!3D!datasets.(However,!the!impact!of!image!quality!of!3D!datasets!and!acoustic!markers!on!the!reliability!of!3DSTE!analysis!remains!to!be!established.!In!our!study,!image!quality!was!the!only!variable!that!independently!correlated!with!all!3DSTE!strain!parameters,!emphasizing!that!3DSTE!is!indeed!affected!by!acoustic!properties!and!speckle!quality,!even!in!healthy!subjects!selected!for!satisfactory!2D!image!quality.!Kawamura!and!coworkers!(74)!showed!that!the!image!quality!of!the!3D!datasets!impacts!also!on!the!accuracy!in!LV!volume!measurement!by!3DSTE!in!comparison!with!cardiac!magnetic!resonance.!Interestingly,!in!our!study!none!of!2DSTEAderived!strains!were!independently!related!with!image!quality,!suggesting!that!2DSTE!is!relatively!less!influenced!than!3DSTE!by!the!image!quality.!(LV!apical!segments!were!the!most!frequent!segments!to!be!incompletely!visualized.!This!is!likely!due!to!the!pyramidal!shape!of!3D!LV!dataset!and!its!relatively!limited!volume!size,!necessary!to!preserve!the!temporal!resolution!close!to!optimal!values![37!volumes/s!at!60!beats/min!in0vitro0(6)].!In!addition,!we!found!that!basal!segments!(inferior,!inferoAlateral!and!lateral)!were!the!most!likely!to!be!poorly!tracked!by!3DSTE.!This!limitation!has!already!been!reported!for!2DSTE!as!well!(75).!Because!of!their!active!excursion!and!their!position!in!the!far!field,!which!adversely!affects!the!spatial!resolution!of!speckles!in!lateral!(and!azymuthal,!for!3D!volume!acquisitions)!directions!in!apical!datasets,!basal!LV!segments!are!the!most!challenging!to!track!for!speckleAtracking!algorithms.!Accordingly,!segmental!strain!measurements!showed!a!large!dispersion!of!values,!preventing!the!recommendation!of!3DSTE!reference!values!for!individual!segments.!Among!all!segmental!strain!components,!3DRε!had!the!largest!inhomogeneity!across!segments!(but!also!the!largest!absolute!values).!
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This!technical!issues!may!limit!the!reliability!of!3DSTE!in!assessing!localized!myocardial!diseases!and!regional!ischemia!in!right!coronary/circumflex!artery!territory.!Despite!these!technical!limitations,!we!have!recently!documented!that!global!strain!parameters!obtained!by!the!vendorAspecific!3DSTE!used!in!this!study!have!an!overall!good!reproducibility!at!repeated!measurements!(including!testAretest)(59).!!
Relationship0with0age.(To!our!knowledge,!there!is!a!single!study!reporting!on!the!relationship!of!3D!strain!parameters!with!age!in!healthy!adults!(76).!In!previous!2DSTE!studies,!the!influence!of!age!on!LV!strain!has!been!controversial!(72,!77,!78).!Our!data!show!that!3DLε,!3DCε!and!2DLε!were!independently!associated!with!age.!Moreover,!3DLε!decreased,!while!3DCε!increased!across!age!groups,!the!two!parameters!having!similar!values!around!middleAage.!The!3DLε/3DCε!ratio!showed!a!closer!correlation!with!age!and!could!be!a!more!robust!parameter!than!3DLε,!and!3DCε!taken!separately,!as!the!effect!of!image!quality!on!individual!strain!values!was!cancelled.(
Relationship0with0gender.(Our!study!is!the!first!to!report!significant!gender!differences!in!3DSTEAderived!strain,!with!higher!3DLε,!3DRε!and!3DAε!in!women!than!in!men.!The!explanation!is!yet!unclear,!but!it!is!likely!that!increased!myocardial!deformation!contributes!to!the!higher!LV!ejection!fractions!seen!in!women!than!in!men!across!age!spectrum,!particularly!in!the!setting!of!smaller!LV!cavity!sizes!(79,!80).!Indeed,!we!have!previously!reported!in!the!same!healthy!cohort!that!women!had!higher!LV!ejection!fractions!and!smaller!cavities!A!even!after!adjusting!for!body!size!A!than!men!(73).!However,!only!3DLε!was!independently!correlated!with!gender,!suggesting!that!apparent!genderArelated!variations!in!radial!and!area!strain!are!likely!attributable!to!genderArelated!confounding!factors!(i.e.!smaller!body!size!and!LV!volumes,!lower!blood!pressure!etc).!Gender!effect!on!LV!strain!by!2DSTE!was!controversial!(72,!81).!Recently,!a!large!study!including!739!healthy!subjects!reported!significant!ageA!and!genderAdifferences!for!all!2DSTE!strain!parameters!(79).!(
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Relationship0with0LV0geometry.(Smaller!LV!volumes!were!independently!associated!with!larger!myocardial!deformation!in!circumferential!and!radial!directions.!This!finding!may!be!interpreted!as!a!compensatory!mechanism!to!maintain!cardiac!output.!Larger!LV!mass!was!independently!correlated!with!smaller!3DLε!and!3DAε,!even!after!controlling!for!age!or!blood!pressure.!This!confirms!the!observations!from!hypertensive!patients!(82),!that!3DLε!and!3DAε!can!serve!as!highly!sensitive!markers!to!detect!early!changes!in!LV!deformation!associated!with!larger!LV!mass!even!in!healthy!subjects,!possibly!in!relation!with!variations!in!afterload!(i.e.!aortic!elastic!properties!and!stiffness!etc)!and/or!myocardial!fibrosis.!(
Comparison0with02DSTE.!This!is!the!largest!study!to!compare!2DSTE!and!3DSTE!measurements!in!the!same!population!of!healthy!subjects.!We!found!that!limits!of!normality!are!lower!for!3DLε!and!3DCε,!and!higher!for!3DRε!than!for!2DLε,!2DCε!and!2DRε,!repectively.!Our!normal!values!for!2DLε!and!2DCε!are!very!similar!to!those!reported!by!Yingchoncharoen!et!al!(78)!in!their!metaAanaylsis!including!nearly!2600!healthy!adults.!
Previous!studies!comparing!the!2DSTE!vs!3DSTE!measurements!reported!conflicting!results!(51,!57,!83A85).!Due!to!major!differences!in!study!population!(type!and!sample!size)!and!methodology!(software,!definition!of!global!3DCε!and!3DRε),!these!studies!are!difficult!to!interprete!in!relation!with!our!results.!The!only!consistent!finding!appears!to!be!that!significant!differences!in!strain!measurements!are!to!be!expected!when!using!either!2DSTE!or!3DSTE.!Part!of!the!differences!betweeen!2DSTE!and!3DSTE!may!be!related!to!the!myocardial!deformation!in!3D!space,!with!throughAplane!and!twisting!motion,!which!may!be!too!complex!to!be!captured!within!fixed!slices!of!myocardium!analyzed!by!the!tomographic!2DSTE!approach,!particularly!in!healthy!subjects!with!active!LV!mechanics!(85).!Other!may!be!related!to!the!different!features!of!the!tested!softwares!for!2DSTE!and!3DSTE,!respectively.!!
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Clinical0perspective.(3D!strain!was!found!to!be!a!sensitive!marker!of!mechanical!dyssynchrony!(86),!early!ischemia!(66)!and!subtle!LV!impairment!(82,!87),!and!a!predictor!of!cardiovascular!events!(88).!Other!studies!reported!the!usefulness!of!3DSTE!assessment!in!patients!with!myocardial!infarction!(58),!transcatheter!!aortic!valve!replacement!(89)!and!hypertrophic!cardiomyopathy!(90).!Physiologically!sound!measurements,!good!reproducibility!and!time!efficiency!make!3DSTE!very!attractive!for!researchers!as!well!as!for!clinicians.!Looking!at!most!recent!literature,!it!is!clear!that!the!popularity!of!3DSTE!is!increasing,!and!that!research!studies!exploring!its!clinical!added!value!will!surge.!However,!multiple!factors!can!affect!the!performance!and!reliability!of!3D!strain!measurements!performed!with!the!current!3DSTE!technology.!Therefore,!the!definition!of!normal!ranges!of!3D!strain!parameters!for!each!vendor!and!understanding!the!factors!that!influence!3DSTE!variability!are!mandatory,!and!our!study!will!hopefully!assist!the!3DSTE!testing!in!clinical!environment.!Despite!relevant!from!research!and!pathophysiologic!standpoints,!the!observed!age!and!gender!differences!in!3D!strain!values!documented!in!our!study!are!relatively!much!smaller!than!their!average!measurement!variability.!Based!on!present!findings,!we!believe!that,!in!its!current!stage!of!development,!3DSTE!does!not!require!age!and!genderAspecific!reference!values!for!its!clinical!application.!(
Study0Limitations.!This!is!a!singleAcenter,!singleAethnic!study.!The!samples!of!men!and!women!were!not!equal,!particularly!in!the!middle!age!groups,!raising!the!possibility!that!some!gender!differences!may!have!been!amplified!or!not!adequately!detected.!In!addition,!the!number!of!subjects!older!than!70!years!of!age!was!limited.!However,!the!enrolment!of!truly!healthy!volunteers!according!to!the!strict!criteria!applied!in!this!study!is!rather!challenging,!particularly!in!the!elderly!subgroup.!!MultiAcenter!and!multiAethnic!3DSTE!studies!including!larger!cohorts!of!healthy!volunteers!studied!with!different!3D!platforms!would!be!highly!desirable.!However,!the!
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interinstutional!variability!is!an!additional!challenge!in!the!use!of!3DSTE,!requiring!specific!interventions!to!achieve!uniform!training!and!standardization!of!both!3D!dataset!acquisition!and!analysis!(91).!
Conclusions.(This!study!reported!the!normal!ranges!and!limits!of!normality!of!global!LV!strain!by!3DSTE!from!a!large!cohort!of!healthy!volunteers,!using!quartiles!in!order!to!limit!the!impact!of!outliers.!The!present!normal!values!are!pertinent!only!for!the!3DSTE!equipment!used!in!this!study,!and!they!cannot!be!used!interchangeably!neither!with!2DSTE,!or!other!3DSTE!vendorAspecific!software.!At!the!current!stage!of!3DSTE!development,!no!strain!reference!values!for!individual!segments!can!be!recommended.!In!healthy!individuals,!global!indices!of!LV!myocardial(deformation!obtained!by!3DSTE!are!significantly!influenced!by!clinical,!cardiac!and!technical!factors.!
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Chapter(8.(Value(of(LV(Myocardial(Strain(by(3D(SpeckleItracking(
to(Estimate(Infarct(Size(and(Transmurality(after(STIelevation(
Myocardial(Infarction.(
(
8.1.(Introduction.(
Myocardial!infarction!is!a!leading!cause!of!death!worldwide!(92).!Decades!of!advances!in!the!management!and!therapies!of!patients!presenting!with!STAelevation!myocardial!infarction!(STEMI)!have!increased!their!survival!and!treatment!time!horizon,!but!subsequently!led!to!a!growing!prevalence!of!systolic!heart!failure!(93).!Notwithstanding!a!timely!restoration!of!myocardial!perfusion,!an!accurate!identification!of!the!extent!of!irreversible!damage!and!regional!myocardial!dysfunction!is!critically!important!after!STEMI!and!has!important!therapeutic!and!prognostic!implications!(94).!!! Cardiac!magnetic!resonance!imaging!with!lateAgadolinium!enhancement!(LGEACMR)!is!now!an!established!and!widely!used!method!for!delineating!irreversibly!injured!myocardium!after!STEMI,!independently!of!wall!motion,!infarct!age!and!reperfusion!status!(95,!96).!However,!in!the!acute!phase!of!STEMI,!resting!echocardiogram!is!the!mainstay!of!imaging!evaluation,!while!LGEACMR!requiring!patient!transportation!in!dedicated!laboratory,!a!long!examination!time!with!limited!monitoring!facillities,!is!recommended!at!preAdischarge!or!after!discharge!(94).!In!addition,!its!limited!availability,!contraindications!and!costs!limit!the!routine!use!of!LGEACMR!in!many!patients!who!might!potentially!derive!benefit.!Greater!advantages!might!arise!when!the!risk!prediction!and!the!initiation!of!preventive!therapies!for!heart!failure!are!accomplished!early!after!STEMI,!especially!if!large!amounts!of!myocardium!are!jeopardized.!Traditional!markers!like!LVEF,!when!measured!
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early!after!STEMI,!are!known!to!be!imperfect!predictors!of!late!LV!dysfunction.!A!combination!of!an!objective!assessment!of!regional!myocardial!function!and!infarcted!mass,!with!the!transmural!extent!of!infarcted!tissue!would!be!desirable.!Longitudinal!strain!has!been!reported!to!accurately!predict!the!global!burden!of!LGEACMR!and!its!transmural!extent!in!STEMI!patients,!thus!providing!valuable!insights!on!infarct!size!and!myocardial!viability!using!ultrasound!deformation!imaging!(97,!98).!The!recent!advancement!of!threeAdimensional!speckleAtracking!(3DSTE)!technology!has!the!potential!to!overcome!some!of!the!limitations!of!one!and!twoAdimensional!methods!to!capture!a!such!complex!and!threeAdimensional!phenomenon!as!LV!myocardial!deformation.!!However,!3DSTE!lacks!proper!clinical!validation!and!no!studies!have!explored!so!far!the!value!of!3DSTE!for!assessing!myocardial!function!early!after!STEMI.!In!our!study,!we!hypothesized!that!3D!strain!parameters!could!be!more!accurate!and!promising!markers!of!LV!regional!and!global!myocardial!damage!than!twoAdimensional!longitudinal!strain!(2DLƐ)!and!wall!motion!assessment!in!STEMI!patients.!Our!aims!were!to!evaluate!if:!(1)!myocardial!deformation!parameters!obtained!using!3DSTE!in!patients!early!after!a!first!STEMI!could!provide!an!accurate!and!objective!assessment!of!infarct!size!and!transmurality,!in!comparison!with!LGEACMR;!(2)!assessing!segmental!LV!strain!by!2D/3DSTE!can!improve!the!prediction!of!transmural!myocardial!necrosis!over!visual!wall!motion!by!experienced!reader.((
8.2.(Methods.!!A!total!of!46!consecutive!patients!were!prospectively!included!according!to!the!following!criteria:!(I)!admitted!with!acute!STEMI,!diagnosed!according!to!current!practice!guidelines!(94);!(II)!successfully!treated!by!primary!PCI!(successful!reperfusion!being!defined!as!TIMI!3!flow!and!<30%!residual!stenosis!of!the!culprit!lesion);!(III)!scheduled!for!echocardiography!at!!predischarge!and!for!a!LGEACMR!study!within!24!hours!distance!from!the!echocardiographic!examination;!(IV)!having!a!goodAquality!apical!acoustic!window!at!2D!
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echocardiography.!Exclusion!criteria!were:!previous!healed!myocardial!infarction,!previous!fibrinolysis,!unstable!clinical!condition,!inability!to!cooperate!for!breathholding!and!significant!arrhythmias.!Further!exclusion!criteria!for!patients!referred!to!CMR!were!contraindications!such!as!implanted!pacemakers,!defibrillators,!metallic!intracranial!implants,!claustrophobia!or!severe!renal!dysfunction!(eGFR<30!mL/m2).!Patients!who!did!not!undergo!CMR!due!to!contraindications!or!by!physician’s!decision,!or!in!which!the!limited!time!frame!of!24!hours!between!echo!and!CMR!could!not!be!achieved,!have!been!evaluated!by!2DE!and!3DE!only.!The!total!number!of!patients!studied!by!echo!(+/ACMR)!was!77!(Figure!9.1).!Primary!PCI!was!performed!according!to!standard!clinical!practice!and!decision!to!use!of!bareAmetal!or!drugAeluting!stents!was!at!the!discretion!of!the!interventional!cardiologist.!The!use!of!antiplatelet!therapy,!angiotensinAconverting!enzyme!inhibitors,!betaAblockers!and!statins!was!recommended!according!to!guidelines.!Plasma!samples!for!troponin!I!levels!(TnI)!were!collected!on!admission!and!subsequently!during!the!hospitalization!every!6!h!for!2!days.!
8.2.1.(Echocardiography.((
Image$Acquisition.$All!77!patients!with!STEMI!were!examined!at!8±3!days!after!the!event!using!a!commercially!available!ultrasound!scanner!(Vivid!E9,!GE!Vingmed,!Horten,!Norway)!equipped!with!phasedAarray!2D!imaging!transducer!(M5S)!and!fullyAsampled!matrixAarray!3D!imaging!transducer!(4V).!A!comprehensive!2D!and!3D!echocardiographic!examination!was!done!by!an!experienced!echocardiographer,!including!parasternal!longAaxis!and!shortAaxis!views,!and!three!standard!apical!views!of!the!LV.!For!each!view,!three!consecutive!cardiac!cycles!were!recorded!during!breathhold!and!attention!was!paid!to!avoid!foreshortening!in!apical!LV!views.!Grayscale!recordings!were!optimized!for!2DSTE!at!a!mean!frame!rate!of!50A80!frames/sec!(3).!As!part!of!the!same!echocardiographic!study,!3D!LV!fullAvolume!acquisition!were!performed!and!triggered!to!the!ECG!R!wave!on!4!to!6!consecutive!heartbeats,!in!order!to!achieve!an!optimal!spatial!resolution!and!temporal!resolution!(≥30!vps).!Care!was!taken!to!
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include!the!entire!LV!myocardial!thickness!within!the!pyramidal!scan!volume!in!all!segments.!The!quality!of!each!3D!fullAvolume!acquisition!was!immediately!verified!in!twelveAslice!display!mode!to!ensure!that!in!all!segments!the!entire!LV!wall!thickness!is!included!in!the!dataset!and!that!no!stitching!artifacts!were!present.!!All!examinations!were!digitally!stored!in!rawAdata!format!and!exported!to!a!separate!workstation!equipped!with!commercially!available!software!for!LV!2D!and!3DSTE!analysis!(EchoPAC!BT12,!GE!Vingmed,!Horten,!Norway).!
Analysis$of$Two'dimensional$Data$Sets.$
Wall0motion0score0on02D0data0sets0(2DWMS).!Two!experienced!readers,!blinded!to!the!clinical!and!angiographic!data,!assessed!wall!motion!from!the!2Adimensional!images.!Wall!motion!scoring!was!performed!using!a!16Asegment!model.!Wall!motion!abnormalities!were!considered!in!terms!of!vascular!territories!LV!regional!function!was!visually!interpreted!on!the!basis!of!wall!motion!and!systolic!thickening!from!at!least!2!separate!views.!Segment!scores!from!1!to!5!(i.e.!from!normal!to!aneurysmal)!were!assigned!and!2DWMSI!was!calculated!(99).!Disagreements!between!reviewers!were!settled!by!consensus.!!2D0longitudinal0strain0(2DLƐ).!Analysis!of!2DLƐ!by!2DSTE!was!performed!on!the!fourAchamber,!twoAchamber,!and!longAaxis!apical!LV!views,!as!previously!described!in!Chapter!6.!Peak!segmental!and!peak!global!2DLƐ!were!collected!for!analysis.!
Analysis$of$Three'dimensional$Data$Sets$
Wall0motion0score0on03D0data0sets0(3DWMS).03D!echocardiography!enabled!the!postacquisition!cropping!of!the!LV!fullAvolume!into!12!slices!(three!longitudinal!and!nine!transversal).!Adjustment!of!the!LV!planes!in!three!vectors!facilitated!geometric!correction!in!each!view!and!ensured!that!no!plane!is!foreshortened!or!offAaxis!(1).!Moreover,!by!rotating!each!longitudinal!plane!around!the!LV!central!axis!a!full!scan!of!the!entire!surface!of!each!segment!was!
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performed,!for!a!throrough!assessment!of!myocardial!wall!motion!in!and!between!displayed!views.!A!3DWMSI!was!then!calculated!similarly!with!2DWMSI.!!
3D0strain0parameters.0As0detailed!in!Chapter!6,!LV!myocardial!strain!analysis!by!3D!speckleAtracking!enabled!the!computation!of!3DLƐ,!3DCƐ,!3DAƐ!and!3DRƐ!from!a!single!LV!dataset.!Peak!global,!as!well!as!peak!segmental!strain!values!have!been!collected!for!statistical!analysis.(
8.2.2.(Cardiac(magnetic(resonance.!CMR!image!acquisition!was!performed!using!1.5AT!Avanto!scanner!(Siemens!Medical!Solutions,!Erlangen,!Germany)!with!a!phasedAarray!receiver!coil.!All!images!will!be!acquired!during!breathAhold!at!endAexpiration!(1!or!2!slices!per!breathAhold!depending!on!the!subject!heart!rate!and!tolerance!to!breathhold),!following!a!previously!described!protocol!(100).!The!extent!of!late!gadolinium!enhancement!(LGE)!was!scored!for!each!LV!segment!by!an!expert!reader!and!expressed!in!percents!of!LV!wall!thickness!(0A25%,!25A50%,!50A75%!75%A100%).!Segmental!analysis!considered!LGE!to!be!“transmural”!when!LGE!was!at!least!50%!transmural!in!>50%!of!the!segment’s!total!extension.!The!infarct!size!index!(ISI)!was!calculated!as!sum!of!LGE!score!(0A4)!for!every!LV!segment!divided!by!17!(100).!The!transmural!extent!of!necrosis!at!CMR!in!infarcted!segments!was!compared!with!corresponding!segmental!strain!values,!while!the!infarct!size!index!at!LGEACMR!for!whole!LV!was!compared!against!global!2D!and!3D!strain!parameters.!
Statistical0analysis.(Continuous!variables!were!summarized!as!mean!±!standard!deviation!or!percentage,!when!appropriate.!Myocardial!segments!were!divided!in!groups!based!on!the!transmural!extent!of!infarction,!and!peak!strain!values!between!groups!were!compared!by!using!1Away!analysis!of!variance!with!Bonferroni!adjustment.!ReceiverAoperating!characteristic!(ROC)!curves!were!used!to!evaluate!the!ability!to!distinguish!transmural!from!nontransmural!infarction!and!nonAinfarcted!segments!and!to!determine!optimal!cutoff!values!for!sensitivity!and!specificity.!To!establish!a!cutAoff!for!strain!parameters!to!identify!segments!
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transmural!LGE!at!CMR,!the!patient!group!was!splitted!into!a!definition!group!and!a!validation!group!(Figure!8.1).!The!ability!to!distinguish!transmural!infarction!from!the!other!segments!(having!no!infraction!or!subendocardial!infarction)!was!evaluated!by!developing!a!ROC!curve,!for!which!a!dichotomous!(yes/no)!separation!of!segments!on!the!basis!of!the!extent!of!LGE!(>50%!for!transmural!infarction)!was!used.!Relationship!between!global!strain!parameters!and!infarct!size!indices!were!explored!using!the!Pearson!correlation.!A!p!value!of!<0.05!was!considered!statistically!significant.!(!!!!!
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8.3.(Results.((
8.3.1.(Feasibility.(To!obtain!LV!3D!strain!parameters!required!<!1!min/dataset!for!acquisition!and!<5!minutes/dataset!for!analysis.!However,!the!acquisition!of!an!optimal!quality!LV!3D!full!volume!for!3D!strain!analysis!commonly!required!several!attempts,!which!needed!an!average!total!time!of!3!minutes!(range!30!secondsA12!minutes).!At!multiAslice!display,!image!quality!was!judged!optimal!in!41%!of!datasets,!good!in!47%!and!fair!to!poor!in!
Figure!8.1.!Patient!flowchart.!
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the!remaining!12%.!There!were!0!to!2!segments!incompletely!visualized!throughout!the!cardiac!cycle,!of!which!85%!were!in!the!LV!apical!region.!!Overall,!segmental!tracking!by!3DSTE!was!feasible!in!91%!of!LV!segments.!In!3!patients,!more!than!3!segments/LV!were!not!interpretable!by!3DSTE!and!the!global!strain!values!were!not!computed.!The!feasibility!of!segmental!analysis!by!3DSTE!is!reported!in!Figure!8.2.!!!!!!!!!!!!!Figure!8.2.!The!proportion!of!patients!having!from!0!to!3!segments!rejected!by!software!due!to!poor!tracking!in!the!study!population!(left).!Polar!map!showing!the!localization!of!rejected!segments,!i.e.!poorly!tracked!segments!rejected!by!software!were!more!frequently!localized!in!the!basal!segments!and!at!the!apical!cap.!!!A!total!of!782!segments!were!analyzed!by!LGEACMR.!Among!these,!there!were!274!segments!(35%)!showing!transmural!infarction.((!!!
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Abbreviations:!2D,!twoAdimensional;!3D,!threeAdimensional;!ISI,!infarct!size!index!at!LGEACMR;!LAD,!left!anterior!descendent!coronary!artery;!LCX,!left!circumflex!artery;!LGEACMR,!cardiac!magnetic!resonance!with!late!gadolinium!enhancement;!LVEDV,!left!ventricular!endAdiastolic!volume;!LVEF,!left!ventricular!ejection!fraction;!LVESV,!left!ventricular!endAsystolic!volume;!RCA,!right!coronary!artery;!TnI,!troponin!I;!WMSI,!wall!motion!score!index.!!! Characteristics!of!the!study!populations!are!presented!in!Table!8.1.!There!were!no!significant!differences!in!terms!of!demographic,!clinical!and!echocardiographic!characteristics!of!the!two!groups.!3DWMSI!was!higher!than!2DWMSI!in!both!study!groups!(p<0.0001!for!both).!!
(
! All(patients!
(n=77)! LGEICMR(patients!(n=46)!
Age((years)! !!!!61±14! 58±13!
Gender((M,(%)! !!!!84%! 87%!
Peak(TnI((μg/L)! 145±162! 156±183!
Culprit(lesion((%)!
LAD!
RCA!
LCX!
! 60%!31%!9%!
!56%!36%!9%!
Multivessel(disease((%)! 57%! 59%!
3D(LVEDV((mL/m2)! 72±14! 73±14!
3D(LVESV((mL/m2)! 38±13! 39±13!
3D(LVEF((mL)! 49±9! 48±9!
2DWMSI! 1.79±0.33! 1.76±0.35!
3DWMSI( 1.89±0.33! 1.85±0.39!
ISI( n/a! 1.40±0.73!
Table!8.1.!Characteristics!of!the!study!populations!
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8.3.2.(Relationship(of(global(LV(strain(parameters(with(infarct(size(indices(Parameters!of!global!LV!myocardial!function!measured!by!2DSTE!and!3DSTE!(i.e.!peak!global!strain!values)!were!correlated!with!conventional!indices!known!to!reflect!infarct!size!and!LV!functional!impairment!after!STEMI!(Table!8.2).!!
! !!! Among!all!tested!strain!parameters,!peak!global!2DLƐ!and!3DCƐ!exhibited!the!closest!correlation!with!ISI!at!LGEACMR!(Figure!8.3).!
(
(
! Blood!
Peak(TnI!
(N=70)!
2D(Echo(
WMSI(
(N=77)!
3D(Echo!
WMSI!
(N=77)!
3D(Echo!
LVEF!
(N=77)!
LGEICMR!
ISI((
(N=46)!
2DLƐ( 0.50! 0.74! 0.78! A0.70! 0.65!
3DLƐ( 0.31*! 0.59! 0.58! A0.60! 0.36*!
3DCƐ( 0.48! 0.75! 0.76! A0.84! 0.61!
3DAƐ( 0.43! 0.75! 0.73! A0.79! 0.53!
3DRƐ( A0.40! A0.68! A0.68! 0.76! A0.53!
Table!8.2.!Relationship!between!LV!strain!parameters!and!conventional!indices!of!infarct!size!and!LV!systolic!dysfunction.!
Abbreviations!as!in!Table!8.1.!p!<0.001!for!all,!except!*p≤0.01.!!
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8.3.3.(Relationship(of(LV(segmental(strain(with(infarct(transmurality.!LV!segmental!strain!was!significantly!impaired!in!segments!with!transmural!infarction,!in!comparison!with!the!strain!measurements!of!segments!with!no!infarction!or!subendocardial!infarction!(Table).!The!best!separation!of!segments!according!to!the!extent!of!LGE!was!provided!by!2DLƐ!(F!ANOVA=144),!3DCƐ!(F!ANOVA=114)!and!3DAƐ!(F!ANOVA=117)(p<0.0001!for!all).!Interestingly,!3DLƐ!had!the!lowest!ability!to!reliably!discriminate!between!the!various!extents!of!infarction!transmurality!(F!ANOVA=50).!A!first!ROC!curve!analysis!was!performed!in!the!definition!group!(101),!which!revealed!that!2DLƐ!and!3DCƐ!have!comparably!good!accuracy!to!discriminate!segments!with!transmural!infarction!from!other!LV!segments!(area!under!curve,!AUC=0.81!and!0.82,!p<0.001).!The!optimal!cutAoffs!identified!in!the!definition!group!(i.e.!3DCƐ!>!A10.5%!and!2DLƐ!>!A11.5%)!were!prospectively!tested!in!the!validation!group,!in!order!to!assess!their!accuracy,!sensitivity!and!specificity.!ROC!curve!analysis!in!the!validation!group!confirmed!that,!based!on!the!selected!cutAoffs,!3DCƐ!and!2DLƐ!have!similar!accuracy!(75%)!for!discriminating!segments!with!>50%!LGE!at!CMR,!with!2DLƐ!(69%!sensitivity,!80%!specificity)!being!relatively!more!sensitive!and!3DCƐ!being!more!specific!(60%!sensitivity,!84%!specificity).!
Figure!8.3.!Correlations!between!LV!strain!parameters!and!infarct!size!index!(ISI)!at!LGEACMR.!
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Figure!8.4!shows!the!ROC!curve!analysis!in!the!validation!group,!after!including!also!2D!and!3DWMS,!in!order!to!verify!the!relative!accuracy!of!strain!parameters!(as!objective!measures)!versus!conventional!regional!wall!motion!assessment!(as!subjective!visual!assessment)!by!expert!echo!readers.!Among!all!indices,!3DWMSI!had!the!best!ability!to!identify!correctly!the!segments!with!>50%!LGE!than!those!with!0A50%!LGE.!2DLƐ!was!more!accurate!than!any!3D!strain!indices,!and!better!than!2DWMSI.!Among!all!3D!strain!parameters,!3DAƐ,!3DCƐ!and!3DRƐ!had!comparable!capability!to!predict!transmural!infarction,!performing!significantly!better!than!3DLƐ!(102,!103).!! !!!!!!!!!! !!!The!incremental!predictive!value!of!2D!and!3D!strain!parameters!over!3D!WMSI!was!significant,!but!small!(Figure!8.5).!!!
Figure!8.4.!ROC!curve!analysis!for!assessing!the!relative!predictive!power!of!various!regional!indices!to!accurately!identify!the!segments!with!transmural!infarction!at!LGEACMR.!
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8.4.(Discussion(In!STEMI,!the!effects!of!reperfusion!are!quite!variable!and!depend!on!the!duration!and!severity!of!preceding!ischemia.!The!amount!of!salvaged!myocardium!is!related!to!the!duration!of!total!coronary!artery!occlusion,!the!level!of!myocardial!oxygen!consumption,!and!the!collateral!blood!flow!(104).!Transmural!infarction!may!develop!when!recanalization!occurs!late!(>6!h)!or!is!not!effective!(persistent!coronary!occlusion!or!no!reflow),!otherwise!is!frequently!limited!to!the!subendocardium.!The!discrimination!between!transmural!and!nonAtransmural!infarction!after!a!STEMI!holds!important!clinical!and!prognostic!significance,!since!the!latter!is!characterized!by!a!lower!incidence!of!expansive!remodeling!and!related!complications!(e.g.!cardiogenic!shock,!myocardial!rupture,!aneurysm!and!pseudoAaneurysm!formation,!thrombolism,!pericardial!involvement!etc)!(105,!106).!LGE!measurements!during!the!acute!phase!of!infarction!provide!additive!value!to!predict!late!LV!systolic!dysfunction!than!established!predictors!of!adverse!outcome,!such!as!LV!ejection!fraction!(LVEF)!(107,!108).!
Figure 8.5. Incremental!value!of!LV!myocardial!strain!parameters!(2D!longitudinal!strain!and!3D!circumferential!strain)!over!visual!wall!motion!assessment!on!3D!datasets!(3DWMS)!to!accurately!differentiate!the!segments!with!transmural!infarction!from!those!with!no!infarction!and!with!nonAtransmural!infarction!at!LGEACMR.!
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3DSTE!could!be!safely!applied!at!bedside,!also!during!the!acute!phase!of!STEMI!and!subsequently!to!monitor!changes,!and!may!rapidly!provide!objective!informations!on!global!and!regional!myocardial!function,!especially!when!CMR!is!not!available,!too!risky!or!contraindicated.!3D!circumferential!strain!had!a!better!accuracy!than!3D!longitudinal!strain!to!identify!transmural!infarction,!presumably!because!circumferential!function!arises!from!the!midwall!fibers!and!was!shown!to!be!relatively!preserved!in!subendocardial!infarction,!which!mainly!affects!longitudinal!shortening!(98).!Interestingly,!2D!longitudinal!strain!had!a!comparable!accuracy!with!3D!circumferential!strain,!and!superior!than!3D!longitudinal!strain!(Figure!8.6).!This!finding!suggests!that,!with!the!current!state!of!ultrasound!technology,!the!superior!temporal!and!spatial!resolution!in!2D!vs!3D!datasets!may!lead!to!a!still!more!accurate!and!robust!analysis!at!segmental!level!by!2DSTE!than!by!3DSTE.!In!this!regard,!we!have!shown!in!Chapter!7!that!the!robustness!of!3DSTE!at!segmental!level!is!not!optimal!and!that!the!observed!interAsegment!variability!of!3D!strain!is!likely!reflecting!the!great!dependence!on!image!quality!and!some!tracking!issues!even!in!healthy!hearts.!This!evidence!is!relevant!for!the!ongoing!development!and!improvement!of!3DSTE!technology.!On!the!other!hand,!several!factors!are!likely!to!have!contributed!to!the!good!predictive!value!of!qualitative!wall!motion!analysis!(3DWMS)!versus!quantitative!strain!measurements,!when!both!were!compared!with!DEACMR:!overall!good!image!quality!of!LV!data!sets;!obtaining!a!reliable!wall!motion!interpretation!of!each!LV!segment!from!two!orthogonal!perspectives!by!slicing!a!single!apical!3D!data!set,!even!in!patients!with!difficult!parasternal!window;!the!possibility!to!adjust!LV!slices!offline!to!ensure!a!full!scan!of!each!segment,!thus!avoiding!erroneous!interpretation!due!to!offAaxis!plane!position;!the!large!predominance!of!segments!with!transmural!necrosis!among!all!infarcted!segments!which!made!easier!the!identification!of!abnormal!regional!thickening!(109);!and!integrating!abnormal!wall!
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thickening!with!increased!tissue!echogenicity!in!the!qualitative!interpretation!of!regional!abnormality.!!
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( The!healing!phase!of!STEMI!after!successful!reperfusion!is!a!dynamic!process.!The!time!chosen!for!imaging!during!the!healing!process!of!myocardial!infarction!may!influence!the!regional!function!assessment!(as!stunned!myocardium!is!progressively!recovering!its!function),!as!well!as!the!LGE!burden!(as!the!myocardial!edema!resorbs!and!scar!area!shrinks!during!several!month!period!(108).!In!all!our!patients,!LGEACMR!and!echo!studies!were!performed!within!24!hours,!and!the!relative!magnitude!of!any!changes!is!likely!insufficient!to!negate!the!value!of!measurements!during!this!time!frame.!On!the!other!hand,!early!prediction!
Figure!8.6.!MultiAmodality!LV!imaging!in!a!patient!with!acute!anterior!myocardial!infarction!secondary!to!LAD!occlusion.!Note!the!correspondence!of!regional!abnormalities!localized!at!anterior,!anteroAseptal!and!apical!regions!across!various!techniques!and!methods.!
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of!outcomes!after!STEMI!is!highly!desirable,!because!it!would!allow!a!tailored!therapy!in!a!timely!fashion,!when!the!benefits!might!be!greatest.!We!have!chosen!the!preAdischarge!time!for!imaging!STEMI!patients!(7A10!days!after!the!index!event),!since!this!is!a!moment!of!utmost!clinical!importance!for!planning!future!strategy!and!reasonably!distant!from!the!hyperacute!phase.!Both!experimental!(110)!and!clinical!CMR!studies!(108)!have!shown!that!LGE!during!the!acute!phase!of!STEMI!holds!a!strong!independent!association!with!late!heart!failure!and!adverse!events,!being!clinically!significant!and!not!just!a!simple!overestimation!of!myocardial!damage.!
Study0limitations.!Our!study!population!is!a!selected!one,!due!to:!(I)!technical!constrains!related!to!3D!speckleAtracking!feasibility;!(II)!study!design.!Good!image!quality!is!a!prerequisite!for!all!ultrasound!methods!and!particularly!for!those!based!on!speckleAtracking!algorithms.!Moreover,!only!patients!with!first!recent!STEMI!were!enrolled!by!study!design,!therefore!only!a!small!proportion!of!the!myocardial!segments!had!LGE!limited!at!subendocardial!layer.!Yet,!our!study!focus!was!the!identification!of!segments!showing!transmural!necrosis,!since!infarct!transmurality!is!one!of!the!strongest!prognostic!markers!after!STEMI.(
Conclusions.(This!study!demonstrated!that,!early!after!a!succefully!reperfused!STEMI,!3D!strain!(i.e.!circumferential!and!area!strain)!can!be!used!to!assess!infarct!size!and!necrosis!transmurality!with!good!accuracy!in!comparison!with!DEACMR,!being!comparable!to!the!accuracy!of!2D!longitudinal!strain.!Deformation!imaging!may!provide!important!informations!in!STEMI!patients!at!bedside,!when!DEACMR!is!unavailable,!unfeasible!or!contraindicated.!In!our!study,!wall!motion!scoring!on!3D!data!sets!by!experienced!reader!remained!superior!than!quantitative!deformation!analysis!for!identifying!segments!with!transmural!necrosis!early!after!STEMI.!FollowAup!studies!to!clarify!the!relative!importance!of!the!„new”!versus!„old”!imaging!parameters!to!stratify!the!individual!risk!and!to!best!predict!prognosis!after!STEMI!
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deserve!high!priority.!Despite!showing!promising!preliminary!results,!further!improvements!of!2D/3D!speckleAtracking!technology!will!bring!benefit!in!future!research!studies.(! !
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Chapter(9.(Left(Ventricular(Geometry(and(Myocardial(Function(
Analysis(by(3D(echocardiography(in(Hypertrophic(
Cardiomyopathy( !
(
(
8.1.(( Introduction.((Hypertrophic!cardiomyopathy!(HCM)!is!the!most!common!genetic!cardiac!disease,!with!a!prevalence!of!1:500!in!the!general!population!(111).!HCM!is!associated!with!a!variety!of!disease!courses,!age!of!onset,!symptom!severity,!left!ventricular!outflow!(LVOT)!obstruction!and!risk!for!sudden!cardiac!death.!The!clinical!diagnosis!of!HCM!is!usually!established!with!echocardiography,!which!traditionally!demonstrates!nondilated,!excessively!hypertrophied!LV!in!the!absence!of!hemodynamic!stresses!(arterial!hypertension!or!aortic!stenosis)!or!systemic!disease!(for!example,!amyloidosis!or!storage!diseases),!and!regardless!of!the!presence!of!LVOT!obstruction.!According!to!conventional!echocardiographic!indices,!the!systolic!LV!properties!were!thought!to!remain!intact,!at!least!in!the!initial!disease!period!when!only!the!diastolic!function!is!typically!found!impaired.!Actually,!in!patients!with!HCM,!the!LV!systolic!function!has!been!traditionally!described!as!hyperdynamic!due!to!the!frequent!observation!of!normal!or!supranormal!LV!ejection!fractions!measured!by!conventional!echocardiography!such!as!MAmode!echocardiography!and!biplane!Simpson!area!measurements.!However,!significant!myocardial!systolic!dysfunction!has!been!identified!by!DTI!and!2DSTE!deformation!imaging,!typically!affecting!the!longitudinal!shortening!of!the!LV,!despite!a!normal/supranormal!LV!ejection!fraction!(112).!!Despite!the!substantial!information!available!regarding!the!pathophysiology!and!natural!history,!the!mechanisms!of!progressive!heart!failure!and!functional!disability!in!HCM!
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are!complex!and!remain!incompletely!understood,!particularly!in!the!absence!of!overt!LV!systolic!dysfunction!or!LVOT!obstruction.!The!phenotype!of!nonAobstructive!HCM!with!preserved!EF!is!responsible!for!the!largest!proportion!(nearly!50%)!of!HCM!patients,!and!was!reported!to!have!a!particularly!malignant!prognosis,!patients!becoming!symptomatic!and!experiencing!advanced!heart!failure!and!adverse!outcome!even!earlier!than!those!with!obstructive!forms!or!endAstage!(113).!The!pathophysiological!variables!incriminated!in!the!heart!failure!mechanism!were!atrial!fibrillation!and!diastolic!dysfunction.!No!study!has!explored!so!far!if!there!is!any!relationship!between!LV!systolic!deformation!using!3DSTE!and!heart!failure!symptoms.!
Another!important!issue!of!HCM!is!that!the!clinical!diagnosis!is!not!always!straightforward!in!patients!presenting!with!LV!hypertrophy,!especially!if!an!underlying!cause!(athletic!training!or!arterial!hypertension)!is!present.!A!substantial!overlap!is!present!between!conventional!echocardiographic!findings!in!patients!with!HCM!and!those!with!other!causes!of!LV!hypertrophy,!which!represents!a!serious!and!not!so!infrequent!problem!given!the!dramatically!different!prognosis!and!implications!of!such!diagnosis!(i.e.!risk!of!sudden!death!in!athletes!(114)).!A!thorough!understanding!of!the!myocardial!mechanics!pattern!in!the!LV!hypertrophy!due!to!HCM,!beyond!the!simple!measure!of!LV!ejection!fraction,!would!have!important!diagnostic!and!managment!implications.!
Accordingly,!the!aim!of!this!study!was!to!describe!the!LV!myocardial!mechanics!in!HCM!patients!using!2DSTE!and!3DSTE,!and!to!compare!it!with!the!normal!deformation!pattern!in!healthy!subjects.!
9.2.(Methods.(
ThirtyAsix!HCM!pts!and!32!healthy!controls!were!enrolled.!HCM!was!diagnosed!by!a!hypertrophied!nonAdilated!LV,!with!maximal!wall!thickness!≥15!mm!(or!borderline!LV!
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hypertrophy!13A14!mm!in!the!presence!of!positive!family!history!and/or!genetic!testing),!in!the!absence!of!an!underlying!cardiac!or!systemic!etiology!that!might!explain!the!LV!hypertrophy!(115).!Patients!with!abnormal!regional!or!global!systolic!function!(LVEF!<!50%)!were!excluded.!!
Echocardiographic!examinations!were!performed!in!all!subjects!using!a!Vivid!E9!ultrasound!system!(GE!Vingmed,!Horten,!Norway).!Three!cardiac!cycles!were!stored!in!cineloop!format!for!offline!analysis.!Quantitative!analysis!of!LV!geometry,!mass!and!function!was!performed!by!3D!echo.!Peak!global!2DLε!and!3D!strain!(longitudinal,!3DLε;!circumferential,!3DCε;!radial,!3DRε;!area,!3DAε)!were!analyzed!according!to!the!methodology!described!in!Chapter!6.!LV!outflow!tract!area!(LVOTA)!has!been!planimetered!on!3D!rendered!images!of!LVOT!en!face.!Diastolic!function!was!evaluated!by!analysis!of!mitral!Doppler!inflow!and!tissue!Doppler!imaging!(DTI),!and!LV!filling!pressures!were!estimated!by!E/e’.!Maximal!LVOT!gradient!at!rest!and!with!Valsalva!maneuver!were!systematically!recorded!from!the!apical!5Achamber!view!by!continuousAwave!Doppler.!LV!outflow!tract!obstruction!was!defined!as!a!peak!gradient!>!30!mm!Hg!at!rest!or!during!Valsalva!maneuver.!
Heart!failure!symptomatic!status!was!defined!by!NYHA!class!(IIAIV).!Statistical!analysis!was!performed!as!described!in!Chapter!8.!
9.3.(Results.((
Two!HCM!patients!were!excluded!due!to!LVEF<50%!and!4!due!to!poor!quality!of!3D!datasets.!Overall!feasibility!of!3D!acquisition!in!patients!with!good!apical!acoustic!window!in!2D!was!91%.!Table!9.1!summarizes!the!clinical!and!echocardiographic!characteristics!of!the!HCM!patients!and!control!group.!
!
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!
( HCM(patients((n=42)( Healthy(controls((n=42)(
Age((years)( 51±13! 50±11!
Male(gender((n)( 20! 20!
BSA((m2)( 1.85±0.22! 1.84±0.18!
3D(LV(endIdiastolic(volume(
(ml/m2)(
53±10! !58±10*!
3D(LV(endIsystolic(volume(
(ml/m2)(
19±6( 22±5*!
3D(LV(ejection(fraction((%)( 64±6! 62±4(
3D(LV(stroke(volume((ml/m2)( 34±6! 35±9!
3D(LV(mass((g/m2)( 109±24! !!!!75±9**!
3D(LV(mass/EDV((g/ml)( 2.11±0.43! 1.30±0.16**!
3DLε((%)( A14.6±3.7! A19.5±2.3**!
3DCε((%)(
(
A18.3±3.5! !A19.9±1.9*!
3DRε((%)(
(
46.6±11.6! 57.1±6.9**!
3DAε((%)(
(
29.6±5.7! 35.0±2.7**!*p<0.05,!**p<0.001!
Although!LVEF!was!similar!in!pts!and!controls,!LV!systolic!3D!deformation!was!significantly!impaired!in!pts!(p<0.0001)!for!all!strain!components,!except!for!3DCε!which!was!only!marginally!lower!(p=0.04).!2DLε!was!also!significantly!impaired!in!patients!with!respect!to!controls!(A16.7±3.4!vs!A21.2±1.3%,!p<0.0001).(
!!
!
!
!
!
Figure!9.1.!Left!ventricular!3D!strain!parameters!displayed!according!to!the!symptomatic!status.!
Table!9.1!Characteristics!of!the!study!populations.!
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In!HCM!pts,!all!strain!parameters!were!more!closely!correlated!with!LV!endAsystolic!volume!(r=0.55!to!0.67),!LVEF!(r=A0.82!to!A0.88)!and!mass!(r=0.33!to!0.56)!than!in!controls!(p<0.0001!for!all).!
Symptomatic!pts!(n=11)!had!more!impaired!3DAε,!3DRε!and!3DCε,!while!3DLε!was!similar!in!comparison!with!asymptomatic!patients.!In!addition,!symptomatic!HCM!patients!but!also!had!more!LVOT!obstruction!and!concentric!remodelling,!and!higher!E/e'!than!those!asymptomatic!(Table!9.2,!Figure!9.1).!Interestingly,!despite!being!significantly!impaired!with!respect!to!controls,!neither!2DLε!or!3DLε!were!significantly!related!to!symptomatic!status!in!HCM!patients.!At!ROC!curve!analysis,!3DAε,!3DRε!and!3DCε!had!a!similar!accuracy!to!identify!symptomatic!pts!(AUCs!0.72A0.73)!(Figure!9.2).(
(
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(
(
(
(
(
Figure!9.2.!ROC!curve!analysis!to!determine!the!relative!accuracy!of!3D!strain!parameters!to!reliably!predict!heart!failure!symptoms!in!HCM!patients.!
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9.4.(Discussion.(
( Strain!imaging!by!DTI!and!2D!strain!for!the!noninvasive!evaluation!of!LV!regional!function!in!HCM!has!been!proposed!as!a!sensitive!tool!to!detect!early!systolic!function!abnormalities!in!patients!with!HCM!(116).!However,!clinical!application!of!deformation!imaging!has!been!rather!limited!by!complexity!of!data!postprocessing!and!limited!
( HCM(patients((
(
(
(
HCM(patients(
(
( Symptomatic( Asymptomatic(
(
( n=12( n=20(
3D(LV(ejection(fraction((%)( 64±6! 62±3!
3D(LV(mass((g/m2)( 119±29! 104±19!
3D(LV(mass/endIdiastolic(
volume((g/ml)(
2.4±0.5! 1.9±0.5*!
3DLε((%)( A13.1±4.1! A15.4±3.2!
3DCε((%)(
(
A16.6±4.0! !A19.3±2.8*!
3DRε((%)(
(
41.0±13.1! 49.6±9.7*!
3DAε((%)(
(
A26.4±6.1! A30.7±4.9*!
2DLε((%)(
(
A15.2±3.7! A17.4±3.1!
E/e’(average( 20.7±9.4! 9.4±2.7*!
LVOT(area((cm2)( 2.3±0.9! 3.4±0.7*!
Max(gradient(>30(mmHg((%)( 73! 10*!
Table!9.2.!!Comparison!of!symptomatic!vs!asymptomatic!HCM!patients.!!
*p<0.01 
!! 109!
reproducibility,!as!well!as!by!the!lack!of!siteAspecific!normative!values.!This!study!assessed!the!role!of!3D!strain,!a!new!method!to!measure!LV!systolic!strain!from!3DE!acquisitions,!in!evaluating!global!and!regional!function!in!HCM.!Our!results!show!that!the!3D!strain!analysis!is!feasible!in!HCM!and!that!different!components!of!global!LV!strain!(longitudinal,!radial!and!area!strain)!are!significantly!reduced!in!HCM!patients!versus!healthy!subjects.!LV!3D!strain!parameters!were!found!to!be!significantly!reduced!despite!normal!LV!function!as!assessed!by!standard!criteria,!suggesting!the!presence!of!a!global!subclinical!LV!systolic!dysfunction.!Interestingly,!circumferential!strain!was!relatively!more!preserved!than!the!other!strain!components,!presumably!as!a!compensatory!mechanism!in!order!to!maintain!strokeAvolume!and!ejection!fraction!within!normal!range.!Therefore,!global!3D!strain!analysis!by!3DSTE!appears!to!be!a!more!sensitive!index!of!global!LV!myocardial!function!than!standard!LVEF!assessment.!Potential!applications!include!differentiation!of!HCM!from!hypertensive!cardiomyopathy!or!from!athlete’s!heart,!treatment!monitoring,!and!eventually!identification!of!preclinical!disease!in!carriers!of!HCM!mutations!(117).!
In!our!study,!alteration!in!global!radial!and!circumferential!strain,!and!not!in!longitudinal!strain!was!related!to!heart!failure!symptoms.!Previous!studies!based!on!2DSTE!reported!only!on!the!significance!of!2D!longitudinal!strain!in!HCM!to!predict!fibrosis,!arrythmias!and!major!adverse!cardiac!events!(118,!119),!and!only!one!other!recent!study!with!3DSTE!reported!that!circumferential!myocardial!shortening!seems!to!be!directly!involved!in!preservation!of!LV!systolic!performance!in!HCM,!however!it!did!not!explore!the!relationship!between!circumferential!strain!and!heart!failure!symptom!development!(120).!
Conclusions.(In!HCM!with!normal!LVEF,!a!significant!LV!systolic!longitudinal!dysfunction!exists,!irrespective!of!the!presence!of!heart!failure!symptoms.!Although!in!HCM!symptom!development!is!multifactorial,!in!the!present!study!it!was!also!related!to!further!impairment!in!LV!myocardial!function!in!circumferentialAradial!direction.(
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